Oriented fibre arrays and shape control in certain nuclei, cells and tissues by Mathews, Sally Anne
 
ORIENTED FIBRE ARRAYS AND SHAPE CONTROL IN 
CERTAIN NUCLEI, CELLS AND TISSUES 
 
Sally Anne Mathews 
 
A Thesis Submitted for the Degree of PhD 
at the 
University of St Andrews 
 
 
  
1983 
Full metadata for this item is available in                                                                           
St Andrews Research Repository 
at: 
http://research-repository.st-andrews.ac.uk/ 
 
 
 
Please use this identifier to cite or link to this item: 
http://hdl.handle.net/10023/14012       
 
 
 
 
This item is protected by original copyright 
 
 
A. :
ABSTRACT
New aspects o f shape control and f ib re  deployment are reported fo r
three s itu a t io n s : certa in  insect ovarian f o l l i c l e s ,  certa in  insect
wings, and an unusual nucleus, the c i l i a t e  micronucleus.
The shaping o f  insec t f o l l i c l e s  includes the spatio-temporal in t e ­
g ra t io n  o f  in t r a c e l lu la r  and e x t r a c e l lu la r  f i b r e  arrays in  the cockroach 
f o l l i c l e .  The s i tu a t io n  is  more complex than p rev ious ly  supposed. 
S im ila r  events occur in  Rhodnius p ro l ixu s  f o l l i c l e s .  I t  is  argued, 
la rg e ly  on the basis o f  my survey, th a t  a l 1 insec t f o l l i c l e s  are 
invo lved in  the con tro l o f  egg shape.
Evidence is  also presented f o r  f o l l i c u l a r  re -o rga n isa t io n  and 
involvement as a c o n t ra c t i le  t is su e  during egg discharge. This 
p o s s ib i l i t y  has never been considered before. i t  invo lves a p rev ious ly  
undetected p o s t - v i te l lo g e n ic  phase o f  cy to ske le ta l co -o rd in a t io n .
Epidermal c e l ls  e x h ib i t  a s t r i k in g  sequence o f very marked changes 
in  shape during wing morphogenesis in  the d ip te ran  insec t Cal 1 iphora 
e ry th rocepha la . This includes two e p i th e l ia l  c e l l  co n tra c t io n -  
e longation cycles th a t  are sp a t io - te m p o ra lly  co-ord inated and apparently  
help to  define  the shape o f  a growing wing.
I t  has been shown fo r  Paramecium th a t  an unusual type o f  sp ind le  
m icrotubule d i f f e r e n t ia t io n  is  invo lved in  m icronuclear m ito s is .  This 
m icrotubule d i f f e r e n t ia t io n  occurs w ith  remarkable sp a t ia l  and temporal 
p rec is ion  a t  s p e c i f ic  loca t ions  w i th in  the sp ind le  a t s p e c i f ic  stages 
in  m icronuclear e longation .
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ABSTRACT
New aspects o f shape control and f ib re  deployment are reported fo r
three s itua tions: certain insect ovarian f o l l i c le s ,  certa in insect
wings, and an unusual nucleus, the c i l i a t e  micronucleus.
The shaping o f  insect f o l l i c l e s  includes the spatio-temporal in te ­
gra tion  o f in t r a c e l lu la r  and e x t ra c e l lu la r  f ib re  arrays in the cockroach 
f o l l i c l e .  The s i tu a t io n  is  more complex than prev ious ly  supposed. 
S im ila r  events occur in Rhodnius p ro lixus  f o l l i c l e s .  I t  is  argued, 
la rg e ly  on the basis o f  my survey, th a t a l l  insect f o l l i c l e s  are 
involved in the contro l o f  egg shape.
Evidence is  also presented fo r  f o l l i c u l a r  re -organ isa tion  and 
involvement as a c o n tra c t i le  t issue  during egg discharge. This 
p o s s ib i l i t y  has never been considered before. I t  involves a previously 
undetected p o s t-v i te l lo g e n ic  phase o f cytoske leta l co -o rd ina t ion .
Epidermal c e l ls  e x h ib i t  a s t r ik in g  sequence o f very marked changes 
in  shape during wing morphogenesis in the dipteran insect Cal1iphora 
erythrocephala. This includes two e p i th e l ia l  c e l l  con trac tion - 
elongation cycles th a t are spatio -tem pora lly  co-ordinated and apparently 
help to define the shape o f a growing wing.
I t  has been shown fo r  Paramecium th a t an unusual type o f  spindle 
microtubule d i f fe re n t ia t io n  is  involved in micronuclear m itos is . This 
microtubule d i f fe re n t ia t io n  occurs w ith  remarkable spa tia l and temporal 
precis ion a t s p e c if ic  loca tions w ith in  the spindle a t s p e c if ic  stages 
in micronuclear e longation.
SUMMARY
New aspects of shape control and f ib re  deployment are reported fo r
three s itua tions: certain insect ovarian fo l l i c le s ,  certa in insect
wings, and an unusual nucleus, the c i l i a t e  micronucleus.
The shaping o f insect f o l l i c l e s  includes the spatio-temporal in te ­
g ra tion  o f in t r a c e l lu la r  and e x t ra c e l lu la r  f ib re  arrays in the cockroach 
f o l l i c l e .  The s i tu a t io n  is  more complex than previously supposed.
For example, microtubules and m icrofilaments positioned close to the 
outer surfaces o f  cockroach f o l l i c l e  c e l ls  are oriented c irc u m fe re n t ia l ly  
a t r ig h t  angles to the long itud in a l (po la r) axes o f the f o l l i c l e s  during 
anisometric expansion o f  the ep ithe lium . S im ila r events occur in 
Rhodnius pro lixus f o l l i c l e s .  Cytoskeletal and e x t ra c e l lu la r  f ib re s  are 
spatio -tem pora lly  in tegrated during anisometric f o l l i c l e  growth. I t  is  
argued, la rg e ly  on the basis o f  my survey, tha t a l 1 insect f o l l i c l e s  are 
involved in the contro l o f egg shape.
Evidence is  also presented fo r  f o l l i c u l a r  re -organ isa tion  and 
involvement as a c o n tra c t i le  t issue  during egg discharge. This p o s s ib i l i t y  
has not been considered before. A previously undetected p o s t - v i te l lo -  
genic phase o f cytoske leta l co -o rd ina t ion  takes place in f o l l i c l e  c e l ls  
which appears to be concerned w ith  the discharge o f mature oocytes from 
o v a r io le s .
Epidermal ce l ls  e x h ib i t  a s t r ik in g  sequence o f very marked changes in 
shape during wing morphogenesis in  the d ipteran inse c t,  Cal1iphora 
erythrocephala. This includes two e p i th e l ia l  con traction-e longation  
cycles th a t are spatio -tem pora lly  co-ordinated and apparently help to 
define the shape o f  a growing wing. Assembly and disassembly o f micro­
tubule and m icrofilament arrays in  e p i th e l ia l  c e l ls  is  involved during
these changes. In te r c e l lu la r  spa tia l co-ord ination  o f  cytoske leta l 
o r ie n ta t io n ,  growth and breakdown at d i f fe re n t  lo c a l i t ie s  in  the 
ep ithe lium  appear to be e ffec ted  v ia the association o f  microtubules 
and m icrofilaments w ith  c e l l  ju n c t io n s , c e l l  in te rd ig i ta t io n s  and 
f i lo p o d ia l  c e l l  in terconnections.
I t  has been shown fo r  Paramecium th a t  an unusual type o f  spindle 
microtubule d i f fe re n t ia t io n  is  involved in micronuclear m itos is .
This microtubule d i f fe re n t ia t io n  occurs w ith  remarkable spa tia l and 
temporal co-ord ination  a t s p e c if ic  loca tions w ith in  spindles at 
s p e c if ic  stages in micronuclear elongation.
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INTRODUCTION
This d isse r ta t io n  deals w ith  ce rta in  aspects o f  shape contro l in 
animals a t several leve ls  o f o rgan isa tion ; a t the organelle  le v e l ,  
a t the c e l lu la r  le v e l ,  and a t the t issue  le v e l.  Three main systems 
have been invest iga ted : the ovario les o f  two insect species
(Perip laneta americana and Rhodnius p ro l ix u s ),  the developing wing o f 
another insect (Calliphora erythrocephala) , and the d iv id in g  micronuclei 
o f two species o f  the c i l i a t e  Paramecium (P. primaure lia  and P. t e t r a u r e l ia ). 
In a l l  these inves t iga t ions  a t te n t io n  has mainly been d irected a t the 
impact o f  aligned f ib re  arrays during shape con tro l.
1 SPATIAL INVOLVEMENT OF CELLS DURING TISSUE SHAPING
There are several ways in which c e l ls  could, a t lea s t in theory, be 
s p a t ia l ly  involved during t issue  shaping, A high leve l o f  c e l l  d iv is io n  
in  a p a r t ic u la r  t issue lo c a l i t y  re su lts  in  a local increase in s ize.
Oriented c e l l  d iv is io ns  can help to promote elongation in  ce rta in  d ire c t io n s . 
Localised ce l l  death sometimes p a r t ic ip a te s  during d e f in i t io n  o f t issue  shape; 
th is  occurs, fo r  example, during vertebrate limb morphogenesis. Patterns 
o f  dying c e l ls  con tr ibu te  to the u lt im ate  shape o f  ce r ta in  wings and legs.
The pattern o f necrosis is  s tage -spec if ic  and c h a ra c te r is t ic  o f each append­
age (Saunders, 1966). I f  c e l ls  change th e i r  pos it ions w ith in  a t issue  by 
m igrating to another t issue reg ion, the shape o f the tissue may change as 
a consequence. A good example o f  th is  has been provided by studies o f  the 
m igratory behaviour o f  ce r ta in  vertebra te  neural c res t c e l ls .  Neural c res t 
c e l ls  e x h ib i t  d irected m igration to s p e c if ic  organ s i te s .  Sensory and 
sympathetic ganglia f la nk in g  the spinal column, and supportive c e l ls  o f  nerves 
such as Schwann c e l ls  and g l ia  c e l ls  are among a large group o f t issues 
derived from neural c res t c e l l  m igra tion . A f i f t h  way in which
c e l ls  can in fluence tissue shaping is  by themselves changing in shape.
I f  c e l l  shape changes were in tegra ted over considerable areas, f la t te n in g  
or elongation o f c e l ls  could bring about a change in t issue  shape.
This appears to be important and widespread during embryogenesis.
This d isse r ta t io n  is  la rg e ly  concerned w ith the impact o f c e l l  
shape changes on the contro l o f  t issue  shaping. A b r ie f  survey o f 
s i tu a t io n s  where c e l l  shape changes have been shown to be important 
during t issue growth is  provided below.
(a) Gastru la tion
‘ Gastru la tion rearranges a l l  organ-forming areas o f  the b las tu la  
in to  three sheets, each w ith  d i f fe re n t  ins ide-outs ide  re la t ionsh ips  
and recogn it ion  p rope rt ies ' (Grant, 1978). Gastru la tion 
usually  involves the combination o f two basic types o f  movement 
ie .  epiboly and emboly. Although gas tru la t io n  may d i f f e r  amongst 
animal groups, i t  usually  seems to be in i t ia te d  by c e l l  shape 
changes. In the protochordate Amphioxus, fo r  example, gas tru la t ion  
is  in i t ia te d  by the large ventra l c e l ls  tha t become columnar and 
then wedge-shaped as th e i r  inner surfaces become wider. As th is  
occurs, the ventra l surface f la t te n s .  Subsequently ventra l c e l ls  
become more wedge-shaped. The vegetal pole buckles in as a re s u l t  
u n t i l  the blastocoele ca v ity  has been o b l i te ra te d  (Conklin, 1932).
During echinoderm g a s tru la t io n ,  c e l l  shape changes are very evident. 
Ventral c e l ls  o f  the b las tu la  change shape from elongate wedges to 
cy linde rs . This causes the ventra l region o f  the b las tu la  to 
th icken in to  a p la te  which bulges in to  the b lastocoele. Cells o f  
the ventra l p la te  undergo fu r th e r  shape changes. They produce f in e  
f i lo p o d ia  which extend as fa r  as the inner wall o f  the animal h a l f
o f the b las tocys t, exert tens ion , and pu ll the ventra l p la te  
fu r th e r  in to  the b lastocoele (Gustafson & Wolpert, 1967).
The f i r s t  v is ib le  sign o f  amphibian g as tru la t ion  is  a sinking
Ssîte. pr<s'v'iov_AS.\^ o c c u p i e d  k>y
in  o f  a few c e l ls  at^the grey crescent. This is  e ffected  by a 
change in shape o f these c e l ls  from cuboidal to e lo ng a te -bo tt le -  
shaped (they become wider a t t h e i r  inner surfaces than a t th e i r  
outer ones). Adjacent c e l ls  attached to b o t t le  c e l ls  by t ig h t  
junc t ions  seem to be drawn in over the dorsal l i p  o f  the blastopore 
by the elongating b o t t le  c e l ls  (Baker, 1965).
During chick g a s tru la t io n ,  the p r im it iv e  streak is  the counterpart 
o f  the amphibian blastopore l i p  because endoderm and mesoderm 
invaginate a t th is  po in t.  Epib last ce l ls  in the middle o f the 
p r im it iv e  streak become flask-shaped as they elongate in to  the 
blastocoele to form the p r im i t iv e  groove. These elongating c e l ls  
produce f i lo p o d ia  th a t help to  pu ll  adjacent c e l ls  in to  the groove 
(Tre ls tad , Hay & Revel, 1967).
(b) Neurulation
During neuru la t ion , a two-dimensional sheet o f c e l ls  becomes 
transformed in to  a tube. The most s ig n i f ic a n t  fa c to r  in th is  
process seems to be the degree o f c e l l  elongation in d i f fe re n t  
regions o f  the neural p la te . Cells a t the la te ra l  margins change 
in shape from low columnar to t a l l  columnar g iv ing r is e  to la te ra l  
fo ld s .  The fo lds  move towards one another as c e l ls  in the middle 
area o f  the neural p la te  become wedge-shaped. The apical ends o f  
the c e l ls  become narrow while  basal ends remain wide. This causes 
the p la te  to r o l l  up. Eventually the fo lds  fuse and separate from
the overly ing  ectoderm to produce a neural tube (Schroeder, 1970; 
Burnside, 1971; Karfunkel, 1974; Messier, 1978).
(c) Sa livary  gland morphogenesis
A sa liva ry  gland s ta r ts  as a small e p i th e l ia l  bud and grows in to  
a branching system o f  g rape - l ike  c lus te rs  o f  tubules which make up 
a sa l iva ry  gland. Branching is  in i t ia te d  by the continuous 
appearance o f c le f t s  in  expanding e p i th e l ia l  lobules. This 
re p e t i t iv e  branching morphogenesis also occurs in ce rta in  other 
endodermally derived organs such as the pancreas, thy ro id  and 
lung. I t  seems th a t the d is ta l  c e l ls  o f  lobules become wedge- 
shaped. Apical ends o f c e l ls  are narrower than basal ends.
As a re s u l t ,  c le f ts  are produced (Wessels & Evans, 1958;
Spooner & Wessels, 1972; Spooner, 1975; Bernstein & Wollman, 
1976).
(d) Neuron outgrowth
This is  an extreme example o f  c e l l  shape change th a t mediates 
a change in  tissue shape. Nerve morphogenesis consists very 
la rg e ly  o f  the elongation o f  nerve c e l l  processes - namely, the 
axons (Yamada, Spooner & Wessels, 1971; Rakic, 1972).
(e) Myogenesis
The development o f  muscle involves a change in the shapes o f  
i t s  ce l ls  from roughly spherical to h igh ly elongate and spindle 
shaped. Corre lla ted  w ith  th i s ,  the muscle t issue becomes elongate 
(Fischman, 1967; Warren, 1974).
( f ) Vertebrate placode morphogenesis
Lens development involves the i n i t i a l  formation o f a f la t te ne d  
lens placode which is  accomplished by elongation o f  ectodermal 
c e l ls  towards the adjacent o p t ic  cup. This evaginates ins ide the 
o p t ic  cup and pinches o f f .  In the ear and nasal placodes, ce l ls
change shape in a s im ila r  way, o r ie n t  towards the inducing t issu e , 
and then round up in to  vesic les (Byers & Porter, 1964; Pearce 
& Zwaan, 1970).
(g) Heteropeza f o l l i c l e  development
Elongation o f  f o l l i c l e  c e l ls  in  a d ire c t io n  p a ra l le l  to the 
po lar axis o f  a developing f o l l i c l e  appears to i n i t i a t e  a change 
in f o l l i c l e  shape in  the ga ll  midge, Heteropeza pygmaea. The 
i n i t i a l l y  spherical f o l l i c l e s  become progressively more elongate 
w ith  respect to th e i r  po lar axes (Tucker & Meats, 1976).
(h ) Drosophila wing morphogenesis
Haddington (1941) has shown th a t there is  a sequence o f shape 
changes in  epidermal c e l ls  o f  metamorphosing Drosophila wing 
imaginai d iscs. These may play an important part in  contro l o f 
wing shape.
This d isse r ta t io n  is  mainly concerned with inve s t ig a t in g  the ways 
in which c e l l  shape changes are mediated and how these changes are 
re la ted  to tissue shape changes. I t  is  generally agreed th a t cyto- 
skeletons play an important ro le  in  the contro l o f c e l l  shaping.
2. CYTOSKELETONS
Animal ce l l  shaping is  la rg e ly  determined by the spa tia l layout 
and a c t i v i t ie s  o f  various types o f cytoske leta l arrays (Wessels
et a l . ,  1971; Goldman, Po lla rd  & Rosenbaum, 1976; Burgess & Schroeder, 
1979). There are three main types o f  cytoske leta l f ib re s .
(a) Microtubules
Microtubules occur in a l l  types o f eukaryotic c e l ls  (Dustin, 1978; 
Roberts & Hyams, 1979). These tubu la r s tructures are usually about
24 nm in diameter, but microtubules w ith diameters o f  as l i t t l e  
as 14 nm, or as great as 40 nm have occasionally  been reported. 
Microtubule walls  are usua lly  made up o f a c i r c u la r  palisade o f 
13 aligned p ro to fi lam ents . Protofilaments are chains o f a 
dimeric p ro te in  ca lled  tu b u l in .  Most microtubules include other 
prote ins ca lled  microtubule associated pro te ins. Some o f these 
are attached to the outer surfaces o f  the pro to filam ents (see 
Raff, 1979),
Microtubules are s t i f f ,  r i g id  s truc tu res . Some o f them are 
ra ther la b i le .  Both in v ivo and in v i t r o  they can ra p id ly  
assemble or disassemble. Disassembly can be promoted experiment­
a l l y  by low temperatures, high pressure and treatment w ith a n t i ­
m i to t ic  drugs such as colchine and v inb las t ine  sulphate.
Microtubules are s p a t ia l ly  associated with several types o f c e l l  
m o t i l i t y .  For example, they are associated w ith  the beating o f 
c i l i a  and f la g e l la ,  and w ith  anaphase chromosome movement. 
Microtubules are also involved during the elongation o f c e l ls ,  or 
parts o f  c e l ls ,  and during maintenance o f c e l l  shape. In a d d it io n , 
microtubules appear to f a c i l i t a t e  ce rta in  types o f  in t r a c e l lu la r  
transport by ac tive  propulsion o f materia ls  alongside oriented 
microtubules. This seems to occur, fo r  example, during the move­
ment o f  ribosomes in te lo tro p h ic  ovario les (McGregor & Stebbings, 
1970), This action is  thought to be fa c i l i t a t e d  by c o n tra c t i le  
microtubule-associated p ro te in s ,
(b) M icrofilaments
Microfilaments also occur in  a l l  types o f eukaryotic  ce l ls  
(Wessels e t a l . ,  1971; Po lla rd  & Weihing, 1974). They are about
6 nm in  diameter. M icrofilaments are composed o f a c t in  mole­
cules. Other prote ins such as myosin, tropomyosin and oc 
a c t in in  are often associated w ith  m icrofilaments. They are 
thought to generate movement, and e f fe c t  c e l l  shape changes, by 
a s l id in g  system s im i la r  to  th a t which operates in ske le ta l 
muscle. C on trac t i le  forces set up tension between and w ith in  
c e l ls .  The d ire c t io n  o f  locomotion and/or c e l l  shape change 
depends on the alignment o f  microfilaments in some cases 
(Spooner, 1975; Dunn & Heath, 1976). The drug cytochalasin B 
in te r fe re s  w ith a number o f  microfilament-mediated c e l lu la r  
a c t i v i t ie s  and induces depolymerisation o f  m icrofilaments or 
a lte ra t io n  o f m icrofilam ent arrangement (Schroeder, 1970;
Cloney, 1972; Spooner, 1975).
(c) Intermediate fi laments
Intermediate fi laments are also re fe rred  to as neurofilaments 
and toinofilaments in ce rta in  s i tu a t io n s .  They occur in  a wide 
range o f metazoan tissue c e l l  types but have ye t to be demonstrated 
convincing ly in  p lan t c e l ls .  These filaments are composed o f a 
va r iab le  number o f p ro te in  species (neurofilaments have fo u r ,  fo r  
example) th a t are tw is ted  in to  a 'rope' w ith a diameter o f about 
10 nm.
Intermediate fi lam ents are much more stable than microtubules 
and m icrofilaments. Their depolymerisation is  not induced so 
re a d i ly .  So fa r ,  un like  the case fo r  microtubules and micro­
f i lam en ts , there are no ind ica t ion s  fo r  th e i r  d ire c t  involvement 
in  c o n tra c t i le  in te ra c t io n s .  They simply seem to act as s tress- 
re s is t in g  f ib re s  which help to maintain c e l l  shape, and t issue 
shape (when they are anchored to attachment desmosomes) (Hoffman
& Lasek, 1975; Cooke, 1976; Hull & Staehelin , 1979; Edwards 
& Dysart, 1980). They have not been detected in  any o f the 
c e l ls  dea lt w ith  in  th is  d is s e r ta t io n .
3. CYTOSKELETAL INVOLVEMENT DURING CELL SHAPING
Elongation o f  c e l ls  or parts o f  c e l ls  often appears to involve 
microtubules and m icrofilaments.
Microtubules are usually  aligned p a ra l le l  to the long itud ina l axes 
o f  c e l l  extensions or p a ra l le l  to  the d ire c t io n  o f  c e l l  e longation.
The ways in  which microtubules d ire c t  and e f fe c t  the elongation o f  ce l ls  
and c e l l  processes is  not f u l l y  resolved. Suggestions include rapid 
po larised polymerization o f  m icrotubules, in te r tu bu le  s l id in g ,  and 
d ire c t io n a l microtubule-mediated cytoplasmic transport (see Tucker, 1979) 
Several examples o f microtubule-mediated c e ll  e longation occur during 
some o f the morphogenetic events discussed in section 1 above. Micro­
tubules appear to be involved in c e l l  elongation during Heteropeza 
f o l l i c l e  elongation (Tucker & Meats, 1976), placode development (Byers & 
Porte r, 1964), myoblast elongation (Warren, 1974), axon outgrowth (Rakic,
1972), and the production o f wedge-flask-, and bottle-shaped ce l ls  
during g a s tru la t ion  and neuru la tion  (Baker, 1965; Schroeder, 1970).
M icrofilaments are believed to generate changes in  the shapes o f 
c e l ls  or parts o f  c e l ls  by v i r tu e  o f  t h e i r  c o n tra c t i le  a c t i v i t ie s .
Cell cleavage provides a s t r ik in g  example o f such involvement. Micro­
fi lam ents form a 'c o n t ra c t i le  r in g '  which a c t iv e ly  co n s tr ic ts  and 
draws the cleavage furrow inwards (Schroeder, 1976). M icrofilaments 
also appear to  be responsible fo r  c l e f t  formation during sa l iva ry  gland 
morphogenesis (Spooner, 1975). Microfilaments apparently help to
produce wedge-, f la s k - ,  and bottle-shaped c e l ls  during ga s tru la t ion  
and neuru la tion . Contraction o f  a microfilatnentous ' r in g '  narrows 
one end o f  each c e ll  by a 'p u rs e -s t r in g ' action (Baker, 1965; Schroeder, 
1970; Burnside, 1971). Furthermore i t  has been proposed th a t movement 
o f  m igratory c e l ls  during g a s tru la t io n  and neurulation is  accomplished 
by contrac tion  o f f i lo p o d ia  and th a t th is  is  due to s l id in g  in te rac t ion s  
between microfilaments (T re ls tad , Hay & Revel, 1967; T ilney & Gibbins, 
1969; Spooner, 1975).
4 CYTOSKELETAL CO-ORDINATION IN METAZOAN TISSUES
Co-ordinated changes in  the shapes o f ce l l  neighbours can produce 
movement or elongation o f an e p i th e l ia l  population as a whole. This 
leads to changes in  t issue shape. For example, co-ordinated elongation 
in  a re s t r ic te d  group o f c e l ls  in  a continuous epithe lium  produces a 
f la t te n e d  placode or 'p la t e ' .  This occurs during the development o f  
lens placodes and neural p la tes . Co-ordinated co n s tr ic t io n  a t one 
end o f c e l ls  in  a d iscre te  subpopulation o f an ep ithelium can cause 
bending or fo ld in g  o f  the e p i th e l ia l  sheet. This occurs during 
neural tube and lens ves ic le  development. Co-ordinated contraction 
o f f i lo p o d ia  in  neighbouring e p i th e l ia l  c e l ls  can help to bring about 
m igration o f the ep ithe lium  as a whole (as in  ep ibo ly during g as tru la ­
t io n ) .  In these s i tu a t io n s ,  i n t r a c e l1u la r ly  aligned cytoskeletons 
which e f fe c t  ind iv idua l c e l l  shape changes are also s p a t ia l ly  co-ordinated 
on an in t e r c e l lu la r  basis. During some changes in  tissue shape, the 
cytoske leta l f ib re s  in  c e l l  neighbours are aligned w ith  each other 
(see Tucker, 1981).
S p a t ia l ly  co-ordinated c e l l  shape changes also appear to be 
influenced by va r ia t ion s  in  c e l l - c e l l  adhesion. Cell surface regions
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often form specia lised adhesion regions such as septate junct ions 
and attachment desmosomes which enable groups o f c e l ls  to function 
together as s tru c tu ra l u n its .  Microtubules and m icrofilaments are 
often positioned on e ith e r  side o f  desmosomes. They probably 
transm it tensional forces between c e l ls  v ia desmosomes thereby 
provid ing in t e r c e l lu la r  co -o rd ina t ing  networks which help to control 
t issue shaping (Weihing, 1979).
Other types o f  surface in te ra c t io n s  between adjacent ce l ls  may 
also con tr ibu te  to in t e r c e l lu la r  cytoske leta l co -o rd ina t ion .
Spec if ic  g lycoprote in  receptors a t c e l l  surfaces may in te ra c t  w ith 
those o f  neighbouring c e l ls  and also bind to cytoske leta l arrays and 
re -o r ie n t/re -o rg a n ise  them. This could a ss is t in te rc e l lu la r  
cytoske leta l alignment and co-ord ination  o f ce l l  movement. Such 
a c t i v i t y  may be espec ia lly  pronounced in regions where adjacent c e l ls  
in te rd ig i ta te  (Edelman, 1977; Tucker, 1981).
5. EXTRACELLULAR MATRICES AND TISSUE SHAPING
M u l t ic e l lu la r i t y  in  animal t issues is  matrix-dependent. Most 
animal c e l ls  secrete mucopolysaccharide matrices th a t accumulate 
between c e l ls  and help to hold them together. In most e p i th e l ia ,  
e x t ra c e l lu la r  matrices are secreted as a layer over the basal surface 
o f the c e l l  sheet where they form a basement lamina. Basement 
laminae are sometimes f a i r l y  s t i f f  and bulky. Their mechanical 
in t e g r i t y  must have some e f fe c t  on the shapes o f  adjacent c e l ls .  
E x tra c e l lu la r  matrices often include aligned f ib re s  which are 
embedded in a less obviously s truc tured  m atrix  ( fo r  example, collagen 
f ib re s ) .  There is  evidence th a t  the presence o f both collagen and 
ce rta in  mucopolysaccharides is  required fo r  branching morphogenesis 
during sa l iva ry  gland, lung and pancreas development. I t  has been
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suggested th a t d i f fe r e n t ia l  patterns o f collagen deposition might 
contro l various branching arrangements in  these tissues (Wessels &
Cohen, 1968; B e rn fie ld  e t a l . ,  1973).
E x tra c e l lu la r  m ateria ls  such as collagen and mucopolysaccharides 
provide adhesive substrates. I t  has been suggested tha t collagen 
may mark routes o f  c e l l  m igration in most vertebrate embryos (Hay,
1973).
An in te re s t in g  s i tu a t io n  occurs during the growth o f go ld f ish  
and sq u ir re l f is h  scales (Byers, Fujiwara & Porter, 1980). Micro­
tubules in  adjacent sc le rob las ts  are a ligned. Collagen f ib re s  are 
secreted by the sc le rob las ts  and are oriented in the same d ire c t io n  
as the microtubules. I t  has been suggested tha t the microtubules 
o r ie n t  collagen f ib r i l lo g e n e s is  in  th is  instance. Here is  a 
s i tu a t io n  where in t ra c e l l u l a r l y  co-ordinated cytoske leta l elements 
seem to o r ie n t  f ib re s  in the extrace l l u la r  matrix and the two types 
o f  f ib re s  may act in  concert to  e f fe c t  in te rc e l l u la r  co-ord ination  
fo r  t issue  shape co n tro l.
6. SELECTION OF MATERIAL FOR SHAPE CONTROL ANALYSIS
P a r t ic u la r  s itu a t io n s  have been selected fo r  ana lys is . The
reasons fo r  these se lections are ou tl ined  below.
Studies o f oogenesis in  a cockroach, Periplaneta americana 
(Tucker & Meats, 1976), and a g a ll  midge, Heteropaeza pygmaeae 
(Tucker & Meats, 1976; Went, 1978), ind ica te  th a t the spa tia l organisa­
t io n  o f  f o l l i c l e  c e l l  microtubules w ith  respect to embryonic axes in 
oocytes is  corre la ted w ith  the shape o f these f o l l i c l e s  and oocytes.
The oocytes studied by these inves t iga to rs  (Tucker & Meats, 1976;
Went, 1978) develop in ovario les  o f  pano is t ic  and po ly troph ic  types.
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I have made an attempt here to gain an overa ll p ic tu re  o f  the ro le  o f 
oriented f ib re  arrays in insect ovario les genera lly . F o l l i c le  shaping 
in  a pano is t ic  ova rio le  as well as in a representative o f  the th i r d  
type, a te lo tro p h ic  ovario le,have been examined. Although other 
inves t iga to rs  have studied the growth o f these types o f  f o l l i c l e s ,
( fo r  example, Schlottman & Bonhag, 1956; Anderson, 1964; Anderson 
& T e l fe r ,  1969; Heubner & Anderson, 1970; Ullmanm,1973; Heubner,
Tobe & Davey, 1975; Dunlap-Pianka, 1979; Kelly  & T e lfe r ,  1979), 
very l i t t l e  a t te n t ion  has been concentrated on f in e  s tru c tu ra l aspects 
o f  shape con tro l.  The present study reveals tha t the s i tu a t io n  is  
more complex than prev ious ly  supposed and th a t in  P. americana (pano is t ic  
type ova r io le )  and R. p ro lixus  ( te lo tro p h ic  type ova r io le )  f o l l i c l e  
shape is  corre la ted  w ith  w e l l-o r ie n te d  in t r a c e l lu la r  and e x t ra c e l lu la r  
f ib re  arrays.
During ovu la t ion , oocytes are ejected from ovario les and from th e i r  
f o l l i c l e s .  Some suggestions about how th is  may be achieved have been 
proposed by other inve s t ig a to rs  (Singh, 1958; Bonhag & Arnold, 1961; 
Raven, 1961; King & Aggarwal, 1965; Chapman, 1972). Detailed studies 
o f  f o l l i c l e s  and corpora lu tea in  P. americana and R. p ro lixus  described 
here ind ica te  th a t c e l l  shape changes and cytoske leta l elements are also 
important during ovu la tion . These p o s s ib i l i t ie s  were not considered by 
previous in ves t ig a to rs .
The developing wing o f  a holometabolous d ipteran insect 
( Calliphora erythrocephala) was selected fo r  analysis o f  shape contro l 
because Waddington's (1941) studies o f  Drosophila wing morphogenesis 
ind ica te  th a t dramatic c e l l  shape changes are involved during dipteran 
wing development. Furthermore, several studies ( fo r  example, Wehman, 
1969; White & Gregory, 1972; Fristrom & Fris trom , 1975; Edwards,
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Milner & Chen, 1978) ind ica te  th a t oriented f ib re  arrays are present 
during the i n i t i a l  and f in a l  stages o f insect wing growth. However, 
l i t t l e  else has been done to inves t iga te  cytoske leta l involvement 
during wing growth nor has the whole process o f wing shape modelling 
been investigated a t the c e l lu la r  le v e l .  The insect wing is  espec ia lly  
su ita b le  fo r  such analysis since i t s  p r in c ipa l components, the epidermal 
c e l ls ,  are arranged in a s ing le  layer throughout the e n t i re  growth 
process. My examinations leave l i t t l e  doubt th a t the spa tia l and 
temporal organisation o f  cytoske le ta l elements w ith in  these epidermal 
c e l ls  are in t e r c e l lu la r ly  co-ordinated with s t r ik in g  precis ion during 
the growth and shaping o f  insect wings.
C i l ia te  micronuclei undergo remarkable elongation during d iv is io n .
This elongation is  associated w ith  h igh ly  oriented microtubule assembly 
and elongation w ith in  a membrane-bound 'sac* (Tucker, 1967; durand & 
Selman, 1969; Davidson & LaFountain, 1976). The micronuclear envelope 
remains in ta c t  throughout the e longation procedure. Hence the s i tu a t io n  
is  s im i la r  to microtubule-associated c e l l  elongation in  some respects. 
Microtubule bundles form in tranuc lea r 'separation sp ind les ' which cause 
micronuclei to elongate up to ten times th e i r  in te r f is s io n  lengths in 
ce rta in  c i l i a te s .  Micronuclear d iv is io n  in Paramecium has been 
investigated because i t  m u lt ip l ie s  ra p id ly  in cu ltu re  and micronuclear 
elongation is  p a r t ic u la r ly  pronounced in the two species th a t have been 
examined.
The information obtained from these studies on the ovarian f o l l i c l e s ,  
corpora lutea and wings o f  ce rta in  insects,and on a c i l i a t e  micronucleus 
reveal some previously undetected ways in  which cytoske leta l and e x tra ­
c e l lu la r  f ib re s  are associated w ith shape control in these p a r t ic u la r  
s i tu a t io n s .
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MATERIALS AND METHODS
1 CULTURE PROCEDURES
(a) Perip laneta americana (D ic tyop tera )
Female P. americana adults  were supplied by Mr. J. Stevenson (Gatty 
Marine Laboratory, S t. Andrews, Scotland). They were maintained in a 
v e n t i la te d  glass cage a t high humidity and constant i l lu m in a t io n ,  and 
fed on bran and water.
(b) Rhodnius p ro l ixu s  (Hemiptera; Reduviidae)
Female R. p ro l ixu s  in th e i r  4th and 5th la rv a l  in s ta rs ,  were ob­
ta ined from Dr. B.O.C. Gardiner, A.R.C. Invertebra te  Physiology U n it ,  
Department o f  Zoology, Cambridge U n ive rs ity ,  Cambridge, England. They 
were maintained in an incubator set a t  28°C a t high humidity (U ribe,
1925; Buxton, 1930). The animals were reared in  glass ja rs  covered 
w ith  gauze. The base o f  each j a r  was l ined  w ith  Whatman No. 1 f i l t e r  
paper. The animals were fed on the blood o f  New Zealand white ra b b its .
For th is  purpose the ears o f  the ra b b its  were shaved. The larvae were 
fed , and moulted to  a d u lts .  Thereafte r the adults  were fed every 10 
days fo r  15-30 minutes. Standard feeders were made o f  a perspex tube 
w ith  a flanged base and screw-on l i d  as described by Gardiner and Maddrell, 
1972.
(c) C a ll iphora  erythrocephala (D ip te ra)
C. erythrocephala were obtained in  t h e i r  la s t  la rv a l  in s ta r  from 
T, Gerrard and Company, Gerrard House, East Preston, Sussex, U.K. They 
were kept in  v e n t i la te d  p la s t ic  boxes f i l l e d  w ith  sawdust in  a cooled 
incubator se t a t  20°C and about 70% re la t iv e  hum id ity . The animals
15
required no feeding and pupated w ith in  one or two days o f  a r r iv a l .
(d) Paramecium ( C i l ia ta )
P. p r im aure lia  were obtained from Miss C. McTavish, Department o f  
Zoology, St. Andrews U n ive rs ity ,  P. te t ra u re l ia  were obtained from 
Dr. J. Beisson, Centre de Génétique M olécu la ire , G if-su r-Y ve tte ,  France. 
Organisms were inoculated in to  a Scotch grass c u ltu re  medium conta in ing 
K le bs ie l la  aerogenes (McTavish, personal communication). Cultures were 
maintained under s t e r i le  cond it ions and sub-cultured every week. They 
were kept in a cooled incubator set a t  25°C in  250 ml f la s k s .
2 LIGHT MICROSCOPY
Female cockroaches were decapitated and immediately immersed in  a 
phys io log ica l sa line  (Yamasaki & Narahaski, 1959) a t room temperature.
Whole ovario les  were excised under a Zeiss b inocu lar d issec t ing  microscope 
using spring scissors and f in e  forceps. They were p ipe tted  d i r e c t ly  onto 
a s l id e  and covered w ith  a co ve rs l ip  supported by drops o f  s i l ic o n e  grease 
so as not to  d is t o r t  the shape o f  oocytes and th e i r  f o l l i c l e s .  Rhodnius 
p ro lixus  ova rio les  were d issected in  the same manner except th a t  a 
d i f fe re n t  phys io log ica l sa line  was used (King e t a l , 1956).
F o l l ic le s  were examined using a Zeiss Universal Microscope f i t t e d  w ith  
b r ig h t  f i e ld  and Nomarski d i f f e r e n t ia l  in te r fe re n ce -co n tra s t o p t ics . 
Measurements were taken using an eyepiece g ra t ic u le  ca l ib ra te d  against a 
micrometer s l id e .  Photographs were taken w ith  a Zeiss attachment camera 
(using a m ic ro f lash  attachment) loaded w ith  Kodak Panatomic-X f i lm .
Call iphora  pupae were immersed in  a phys io log ica l sa line  (King. 
e t  a l , 1956) a t  room temperature. Wing imaginai discs or developing 
wings were excised immediately using spring scissors and f in e  forceps.
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In the case o f  organisms which had undergone a po lys is , the shed pupal 
c u t ic le  over developing wings was removed. The discs were p ipe tted  in to  
depression s l id e s  and covered w ith  a co ve rs l ip .  Developing wings were 
examined, photographed and measured using the procedures ou tl ined  above.
Thick sections (about 1 ym) o f Araldite-embedded m ateria l (see tran s ­
mission e lec tron  microscopy m ateria l preparation) sta ined w ith  methylene 
blue (see s ta in in g  procedures) were photographed using b r ig h t  f i e l d  op tics  
and the m icro f lash  attachment. The i l lu m in a t io n  was adjusted to  su ita b le  
values using neutra l dens ity  f i l t e r s .  Feulgen sta ined whole mounts were 
s im i la r ly  photographed.
3 STAINING PROCEDURES
(a) Feulgen
Wing imaginai discs and wings a t  subsequent stages o f  development 
were f ix e d  in  a 3:1 m ixture o f  absolute alcohol : g la c ia l  ace tic  ac id ,
hydrolysed a t  60°C, tra n s fe r re d  to  S ch if fs  reagent and washed in  SOg/H^O
and then dehydrated before mounting in  euparol on s l id e s .  They were
then examined using b r ig h t  f i e l d  microscopy.
(b) Methylene blue 
Araldite-embedded f ixe d  m ateria l was sectioned w ith  an LKB u l t r a ­
microtome a t  a th ickness o f  0.5 -  1.0 pm using glass knives. These 
' t h i c k '  sections were stained w ith  1% methylene blue dissolved in  a 1:1 
mixture o f  1% borax : 70% ethanol and examined using b r ig h t  f i e ld  
microscopy. M ateria l prepared and stained by th is  method provides a 
more accurate representa tion  o f  c e l l  boundaries than p a ra f f in  wax-em­
bedded m ateria l since the m ate ria l is  r e la t iv e ly  free  o f  a r t i f a c t s  eg. 
p u l l in g  apart o f c e l ls  and t is su e s , shape d is to r t io n  and shrinkage.
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(c) Dippel1 's s ta in
A temporary s ta in  fo r  Paramecium using acetocarmine, ace tic  ac id ,
HCl and fa s t  green was used according to the method described by Dippel1, 
(1955) in  order to fo l lo w  nuclear changes during c e l l  d iv is io n .
4. ELECTRON MICROSCOPY
(a) Transmission e lectron  microscopy
The procedure fo llowed fo r  f ix a t io n  fo r  transmission e lectron 
microscopy was the same fo r  a l l  the organisms studied apart from a small 
va r ia t io n  in  the case o f f ix a t io n  o f Paramecium which w i l l  be discussed 
below. Ovarioles and imaginai discs were dissected in  physio log ica l 
sa line  as described fo r  l i g h t  microscopy. Imaginai discs and developing 
wings were dissected from pupae a t regulated times and were immediately 
p ipetted in to  phosphate-buffered glutaraldehyde (pH 7.5) and pos t- f ixed  
in  osmium according to  the method described by Tucker (1967). Apolysed 
c u t ic le  was removed to f a c i l i t a t e  penetration o f  f ix a t iv e s .  Whole 
ovaries were excised from adu lt P. americana and R. p ro lixus  females and 
then placed immediately in to  the glutaraldehyde so lu t ion  where they were 
immediately separated by means o f  spring scissors in to  u n i t  ovario les or 
l e f t  in ta c t .  Paramecia were p ipetted d i r e c t ly  from the cu ltu re  medium 
in to  the glutaraldehyde f i x a t i v e  using f in e ly  drawn p ipe ttes . Organisms 
were selected when cleavage furrows were f i r s t  apparent in  organisms 
examined using a d issecting  microscope. Organisms destined fo r  cold 
treatment were s im i la r ly  selected but were immediately p ipe tted  in to  
covered embryological watch glasses containing cu ltu re  medium which had 
been cooled to 0°C in  an insu la ted polystyrene ' Ig lo o '  containing ice 
chips fo r  one hour. The organisms were shock cold treated in th is  
manner fo r  30 minutes. Cold treatment was carr ied  out in  an attempt 
to  induce the disassembly o f  ce rta in  microtubules (see Chapter 5).
Treatment fo r  periods longer than 30 minutes resu lts  in  the death o f  
organisms. A fte r  cold treatment, the organisms were p ipetted d i r e c t ly  
in to  the glutaraldehyde f i x a t i v e .  A f te r  p o s t- f ix a t io n  in  osmium 
te tro x id e  Paramecia were embedded in  small discs o f  2% agar and then 
dehydrated as usual.
Ovario les, imaginai d iscs , developing wings and Paramecia were 
embedded in a ra ld i te .  Thin sections (50 - 60 nm) were cut w ith  glass 
knives using an LKB ultramicrotome. The th in  sections were co llec ted  
onto formvar or cel lo i  don carbon-coated hexagonal g rids and stained fo r  
90 minutes (or 2 hours in  the case o f the ova rio les) in  uranyl acetate,
(a saturated so lu t ion  in 50% ethanol) followed by 2 minutes in  lead 
c i t r a te  so lu t ion  (Reynolds, 1963). The sections were then examined 
w ith  a P h il ips  301 transmission e lectron  microscope a t 60 kV. Photo­
graphs were taken on I l f o r d  type EM-4 f i lm  or on glass p la tes .
(b) Transmission e lectron microscope c a l ib ra t io n
The la t t i c e  spacing o f  c r y s ta l l in e  catalase was used to c a l ib ra te  
the m agnification se tt ings  o f the transmission e lectron microscope in 
order to obtain accurate assessments o f  Parameciurn spindle microtubule 
diameters. The method used was one adapted from Wrigley (1968) by 
Mr Ian Roberts (Scottish  H o r t ic u l tu ra l  Research In s t i t u t e ,  Invergowrie, 
Dundee, Scotland). Catalase suspension was f ixed  in  1% glutaraldehyde 
a t pH 6.5 fo r  1 5 - 2 0  minutes, washed in  phosphate b u f fe r ,  and stained 
in 2% ammonium molybdate (pH 7 .0 ) , The f ixed  c rys ta ls  (F ig. 160) were 
photographed a t X 29,000 m agn ifica tion . Immediately afterwards, stained 
sections o f  micronuclear microtubules in  Paramecium at a l l  the stages 
studied were photographed a t the same magnification and a t the same 
m agnif ica tion  as th a t used fo r  the c ry s ta ls .  The m agnif ica tion  o f
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p r in ts  prepared from negatives o f  c rys ta ls  was calcu la ted using the 
fo l low ing  equation:
0
spacing o f N la t t i c e  planes on p r in t  in  A
Magnification = ----------------------------------------------------------------------
catalase la t t i c e  spacing p r in t  enlargement
^ * in  A (86) X fa c to r
(c) Scanning e lectron  microscopy
Developing wings were excised as described prev ious ly  and 
immediately p ipetted in to  phosphate-buffered glutaraldehyde followed 
by p o s t- f ix a t io n  in osmium te tro x id e .  They were dehydrated in an 
acetone series and then c r i t i c a l - p o in t  freeze dr ied . The material 
was then mounted on stubs, spu tte r  coated w ith  gold and examined w ith  
a Cambridge Stereoscan S 600, Photographs were taken using an Exacta 
attachment camera.
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CHAPTER 1
CONTROL OF FOLLICLE SHAPING IN THE PANOISTIC OVARIOLES 
OF PERIPLANETA AMERICANA
INTRODUCTION
When anisometric growth o f  oocytes and th e i r  f o l l i c l e s  commences, a 
sub-surface array o f c irc u m fe re n t ia l ly  oriented microtubules is  present 
in  a l l  the f o l l i c u l a r  e p i th e l ia l  c e l ls  along the sides o f  elongating 
oocytes in P. americana (Tucker & Meats, 1976). These inves t iga to rs  
only examined an i n i t i a l  growth stage. This chapter deals in  d e ta i l  
w ith  a l l  the subsequent features o f  growth and shaping th a t  fo l lo w  during 
the production o f a mature oocyte, espec ia lly  in  terms o f f o l l i c u l a r  
organ isation. The examination reveals th a t shape contro l is  more complex 
than previously rea lised , I t  involves a sequence o f m od if ica tions in  
f o l l i c u l a r  a rch ite c tu re , e xp lo i ta t io n  o f  bundles o f  m icrofilaments and 
e x t ra c e l lu la r  f ib re s ,  as well as microtubules.
RESULTS
1 FOLLICLE GROWTH
An ind iv idua l ovario le  contains f o l l i c l e s  in a s ing le  l in e a r  array 
at progressive stages o f  growth and maturation. Five ovario le  regions 
have been d is t ingu ished by previous inves t iga to rs  (Bonhag, 1959; Anderson, 
1964) but in  th is  study f iv e  growth phases fo r  oocytes and th e i r  f o l l i c l e s  
have become apparent (Fig. 1). Measurement o f the diameters and lengths 
o f  f o l l i c l e s  1 - 5 in a large sample o f ovario les reveals changes in the 
re la t io n sh ip  w ith  th e i r  occupation o f  ovario le  regions 4 and 5 (Fig. 3).
For example, oocytes e x h ib i t  growth phase 3 followed by phase 4 in region 
4, and do not switch to phase 5 u n t i l  s itua ted  in  region 5 (Fig. 3).
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Thus growth and shaping is  more accurate ly described by using a f o l l i c l e  
numbering system in conjunction w ith  the growth phase system (Fig. 3) 
ra ther than using the e x is t in g  ova r io le  region system.
2 OVARIOLE SHEATHS AND OOCYTES
An ind iv idua l ovario le  consists o f  a chain o f  oocytes. Each oocyte 
is  surrounded by f o l l i c l e  c e l ls ,  and each ovario le  is  covered by an 
ova rio le  sheath. There are no ind ica t ions  tha t e i th e r  the oocytes or the 
ova rio le  sheaths play a major ro le  in oocyte or f o l l i c l e  shaping because 
no marked or w e l l-o r ien ted  cy toske le ta l arrays were detected in  oocytes or 
in sheath c e l ls  un like  the s i tu a t io n  in f o l l i c l e  c e l ls  (see below).
(a) Ovariole sheaths
An external ova rio le  sheath in  P. americana is  a c e l lu la r  sheath 
covering each ovario le  separately (from the germarium to region 5) but 
is  separated from the ova rio le  by haemolymph. A l ig h t  microscopical 
study o f  ovario le  sheaths has been de ta iled  (Bonhag & Arnold, 1961) 
but as ye t the u lt ra s tru c tu re  o f sheaths has not been described.
An ova rio le  sheath is  an open 'network' o f ce l ls  composed o f 
anastomosing aggregates o f sheath c e l ls  o f  variab le  shapes connected by 
c e l lu la r  strands. Tracheal branches and tracheoles ramify amongst the 
sheath c e l ls (F ig ,  4). The groups o f  c e l ls ,  c e l lu la r  strands, tracheae 
and tracheoles are a l l  surrounded by an e x t ra c e l lu la r  lamina which 
varies in  thickness from 90 nm - 420 nm (Fig. 5). The c e l ls  comprising 
each sheath contain m icrotubules, whorls o f  endoplasmic re ticu lum , glycogen 
l i p i d  d rop le ts , many mitochondria and often bacteria . The o r ie n ta t io n  
o f  the microtubules w ith in  sheath c e l ls  is  variab le  (Fig. 6). They 
probably serve a supportive func t ion . Ovariole sheaths are devoid o f  
muscle c e l ls  un like  the ova r io le  sheaths o f some other insects .
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(b) Oocytes
A few microtubules have been detected in the ooplasm during growth 
phase 3, but th e i r  o r ie n ta t io n  is  va r iab le . During growth phase 4 and 
5, the ooplasm accumulates numerous yo lk  spheres and pro te in  and no micro­
tubules were found.
3 FOLLICLE CELLS
Each oocyte in  regions 3 - 5 is  completely surrounded by a f o l l i c u l a r  
ep ithe lium . This ep ithe lium  is  represented by a s ing le  layer o f  f o l l i c l e  
c e l ls  along the sides o f  oocytes. Near the poles o f  oocytes, the 
ep ithe lium  forms transverse p a r t i t io n s  across the ova rio le  ca lled  plugs 
(Davey, 1965), th a t separate adjacent oocytes. Each plug is  several 
c e l l  layers deep.
(a) Shapes and dimensions o f f o l l i c l e  ce l ls
At the s ta r t  o f  growth phase 3, f o l l i c l e  c e l ls  are cuboidal in  
shape w ith  lengths o f  about 10 pm. At the end o f th is  growth phase and 
during growth phase 4, the f o l l i c l e  c e l ls  have become much more elongate 
and narrow (length about 20 pm; width about 5 pm). At the s ta r t  o f 
growth phase 5 the c e l ls  become more or less squamous in shape (apico- 
basal lengths about 20 pm; widths about 30 pm) and v i te l lo g e n ic  channels 
run between adjacent c e l ls  (Anderson, 1964).
(b) U lt ra s tru c tu re  o f  f o l l i c l e  c e l ls
During growth phase 3 f o l l i c l e  c e l ls  contain large numbers o f  
microtubules and m icrofilaments. These are s itua ted  alongside each 
other ju s t  beneath and close to  the outer surfaces o f f o l l i c l e  c e l ls  
(those most d is ta n t  from the oocyte) a t the level o f the apical 
desmosomes (Fig, 7). The m icrofilaments (about 6 nm in diameter) and 
some o f the microtubules are grouped in bundles o f  varying sizes. Some
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microtubules occur 's i n g l y ' ;  they are associated w ith  m icrofilaments 
and are s itua ted  up to about 0.5 pm from the nearest adjacent microtubule. 
The lon g itud ina l axes o f  the microfilamentatous bundles and nearly a l l  
the microtubules run c irc u m fe re n t ia l ly  a t r ig h t  angles to the long itud ina l 
(po la r) axes o f e longating f o l l i c l e s  and th e i r  oocytes, and p a ra l le l  to 
the outer surfaces o f  the f o l l i c l e  c e l ls .  Some o f the tubules and 
fi lam ents are associated w ith  apical desmosomes (Fig. 8). Others run a t 
r ig h t  angles to the plane o f  the outer surfaces o f  f o l l i c l e  ce l ls  along­
side the la te ra l  f o l l i c l e  c e l l  membranes (Fig. 9). Microtubules are 
also found extending along the in te r io r s  o f  in te rd ig i ta t io n s  between
adjacent f o l l i c l e  c e l ls .  Tubules occur a t other leve ls  in  f o l l i c l e  ce l ls
a t a v a r ie ty  o f o r ie n ta t io n s . Such microtubules are sparsely d is t r ib u te d  
and nowhere do they form a w e ll-o r ie n te d  and concentrated array l ik e  th a t
a t the outer surfaces o f these c e l ls .
A very s im ila r  s i tu a t io n  ex is ts  in  f o l l i c l e  c e l ls  during growth 
phase 4 except th a t  the microtubules and espec ia lly  the microfilaments 
are more c lose ly  packed together (Figs. 10 & 11). The attachment o f  the 
c i rc u m fe re n t ia l ly  oriented f i lam ents to desmosomes (Fig. 12) and to the 
la te ra l  membranes o f adjacent f o l l i c l e  c e l ls  provides an interconnected 
network o f  f i laments throughout the f o l l i c u l a r  ep ithe lium  (F ig. 13).
During growth phase 5, the apical microfilamentous bundles have 
become reduced in diameter to about 60 nm. The a p ic a l ly  s itua ted  micro­
tubules and desmosomes are absent. Thin microfilamentous bundles and 
microtubules (usua lly  occurring 's in g ly ' )  fo l lo w  the shapes o f the devel­
oping v i te l lo g e n ic  channels along the la te ra l  f o l l i c l e  c e l l  membranes 
(Fig. 14). The s truc tu re  o f  these channels has not prev iously  been 
described u l t r a s t r u c tu ra l ly .  Channels develop during stage 5 at points
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where three c e l ls  meet (Fig. 14). F o l l i c le  c e l ls  also become detached 
from the tun ica propria  a t such points (Fig. 17). Later on during 
growth phase 5 the extent o f  surface detachment from the tunica 
increases (Fig. 15). Furthermore, a t f o l l i c l e  c e l l  bases,the micro­
v i l l i  are withdrawn thus crea ting  a space between the oolemma and 
the f o l l i c u l a r  ep ithe lium . Channels are f i l l e d  with f lo ccu le n t 
materia l (Fig. 16).
(c) E p ith e l ia l  plug c e l ls
Microtubules and bundles o f  microfilaments are found a t the apices 
o f  plug f o l l i c l e  c e l ls  d i r e c t ly  beneath the tunica propria . The 
tubules and fi laments appear to be in t im a te ly  associated with la te ra l  
f o l l i c l e  c e l l  membranes and run p a ra l le l  to the outer surfaces o f 
these f o l l i c l e  ce l ls  and a t r ig h t  angles to the oocytes' po lar axes 
(F ig. 22).
In add it ion  ra ther la rg e r  bundles o f microtubules run alongside 
the la te ra l  membranes o f  the c e l ls .  They run p a ra l le l  to the lo n g i­
tud ina l axes o f  the f o l l i c l e  c e l ls ,  and meet th e i r  la te ra l  membranes 
a t various points along the lengths o f  these membranes (F ig. 23).
Large numbers o f  microtubules run ra d ia l ly  w ith in  the f o l l i c l e  ce l ls  
(Fig. 24) i . e .  p a ra l le l  to the long itud ina l axes o f ind iv idua l 
f o l l i c l e  c e l ls  and ra d ia l ly  w ith  respect to the long itud ina l axis 
o f  an ova r io le . These tubules also meet the la te ra l  membranes at 
various points (Fig. 25).
4 THE TUNICA PROPRIA
The tun ica propria  is  a basement membrane secreted by the outer 
surface o f the f o l l i c u l a r  ep ithe lium . I t  has been described as a 
s truc tu re less  membrane covering the ovario le  (Bonhag & Arnold, 1961),
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but l i t t l e  else is  known about i t .  Longitudinal and transverse 
sections show th a t during growth phase 3, the tun ica propria has a 
layered or laminated composition (Fig. 18). At the s ta r t  o f  growth 
phase 3, the tunica is  approximately 0,8 pm th ick  but by the end o f 
growth phase 3 i t  has increased in thickness to approximately 
2.5 pm (Fig. 19).
Long itud ina l, transverse and tangentia l sections o f  f o l l i c l e s  in  
growth phase 4 reveal f ib rous  elements about 12 - 14 nm in diameter 
embedded w ith in  the amorphous materia l o f the tunica propria  (Fig. 20) 
Towards the end o f growth phase 4, the f ib re s  have become condensed 
in to  a layer about 2 pm th ic k  on the side o f the tun ica nearest the 
f o l l i c u l a r  ep ithe lium . The f ib re s  are mainly oriented circumferen- 
t i a l l y  in  d irec t ions  a t r ig h t  angles to  the po lar axes o f oocytes 
and p a ra l le l  to the outer surface o f the f o l l i c u l a r  epithe lium . Some 
f ib re s  are grouped in to  bundles up to 30 nm in diameter (Fig. 20).
During growth phase 5, the tunica propria becomes fu r th e r  
d i f fe re n t ia te d  but reduced in thickness to about 0.75 pm (Fig. 17).
The thickness o f the f ib rous  layer becomes reduced from about 2.5 pm 
to about 0.5 pm. The la rge s t f ib re s  are up to 36 nm in diameter, 
and have a cross-banded appearance (Fig, 21) (p e r io d ic i ty  o f  about 
15 nm). Smaller f ib re s  o f  about 12 -  14 nm in diameter are found 
amongst the la rge r f ib re s .
An add it iona l layer w ith in  the tunica propria th a t is  not 
included during e a r l ie r  growth phases, is  present during growth phase 
5, This granular laye r is  about 0,25 pm th ick  and extends over the 
f ib rous  layer on the side o f  the tunica fu r th e s t  away from the 
f o l l i c u l a r  ep ithe lium . Sections a t a v a r ie ty  o f o r ien ta t io ns  reveal
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th a t the granules re a l ly  are spherical in shape and th a t the c i r c u la r  
p ro f i le s  shown in Figure 21 do not represent cross-sections o f 
f ib re s .  The granules are about 25 - 30 nm in diameter w ith  a centre- 
to -cen tre  spacing o f about 50 - 70 nm and are separated by low 
density  m a te r ia l .
DISCUSSION
1 TENSION TRANSMISSION AND FOLLICLE GROWTH
The resu lts  presented above show th a t oocytes and f o l l i c l e s  
grow an isom etr ica l ly  as they pass p o s te r io r ly  down the ova r io le .
I t  is  possible th a t oocytes and f o l l i c l e s  elongate purely as a 
re s u lt  o f forces generated and d irec ted  from w ith in  oocytes by 
cytoske leta l elements which have not ye t been detected. However, 
most elongating animal c e l ls  contain w e ll-o r ien ted  microtubule arrays 
(Byers & Porte r, 1964; T ilney & Gibbins, 1969; Burnside, 1973; 
Warren, 1974; Tucker, 1979). A l te rn a t iv e ly ,  shape could be 
co n tro lled  or influenced by elements outside the oocyte.
The oocyte is  contained w ith in  three s truc tu res ; the ovario le  
sheath, the tunica propria and the f o l l i c u l a r  ep ithe lium . The 
s truc tu re  o f the ova r io le  sheath is  such th a t i t  probably does not 
in fluence f o l l i c l e  and oocyte shape changes. In con tras t, the 
tunica propria  and f o l l i c u l a r  ep ithe lium  appear to play major ro les 
in f o l l i c l e  and oocyte shaping. C ircum fe ren tia l ly  oriented arrays 
o f  cytoske leta l elements and e x t ra c e l lu la r  f ib re s  are formed in the 
f o l l i c l e  ce l ls  and tunica p rop r ia , re spec t ive ly , during anisometric 
growth.
The shape changes during the anisometric growth o f  elongating
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f o l l i c l e s  have been described here in terms o f  f iv e  growth phases. 
H is to log ica l and u l t ra s t ru c tu ra l  examinations o f f o l l i c l e s  ind ica te  
th a t changes in f o l l i c l e  cy toa rch itec tu re  and in the composition o f 
the tunica propria  are corre la ted  w ith  t ra n s i t io n s  between the 
'an isom etr ic ' growth phases (3 - 5).
During growth phase 3 a system o f  c ircu m fe re n t ia l ly  arranged 
microtubules and microfilaments in association w ith desmosomes is  
s itua ted  a t the outer surface o f f o l l i c l e  c e l ls .  This arrangement 
is  such th a t the m icrotubules, m icrofilaments and desmosomes could 
provide a cytoske leta l mechanical continuum between and w ith in  
f o l l i c l e  c e l ls .  This might be capable o f tran sm it t ing  tension 
c irc u m fe re n t ia l ly  throughout the f o l l i c u l a r  ep ithe lium  thereby 
r e s t r ic t in g  growth o f the f o l l i c l e  perpendicular to the po lar axis 
o f  the oocyte. I f  th is  is  the case, f o l l i c l e s  would there fore  
become more elongate in a d ire c t io n  which p a ra l le ls  the po lar axis 
o f  the oocyte.
Examinations o f a wide range o f c e l l  types ind ica te  tha t 
microtubules are r ig id  cytoske le ta l elements (Tucker, 1968;
Ockleford & Tucker, 1973) which are capable o f  tran sm it t ing  tension 
and compressive forces along t h e i r  lengths (Ockleford, 1974; Tucker, 
1974). These properties are exp lo ited  in many instances in which 
orien ted  microtubule arrays are involved in de fin ing  and maintaining 
the shapes o f  ind iv idua l c e l ls  and c e l l  processes (T i lney , 1968; 
Burnside, 1971; Poodry & Schneiderman, 1971) by imparting s t i f fn e s s  
to ce rta in  c e l l  regions, U lt ra s t ru c tu ra l  and experimental analyses 
o f  Heteropeza pygmaea f o l l i c l e s  have provided evidence tha t 
desmosomes and c irc u m fe re n t ia l ly  oriented microtubules w ith in  the
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f o l l i c u l a r  epithelium o f these g a ll  midges form part o f  a mechanism 
de fin ing  the elongate shape o f f o l l i c l e s  and oocytes (Tucker & Meats, 
1975; Went, 1978). In P. americana an add it iona l cytoske leta l 
co n tr ibu t ion  in  the form o f in te r l in k e d  bundles o f c i rc u m fe re n t ia l ly  
o riented microfilaments in  association w ith the microtubules and 
desmosomes is  present. The m icrofilaments may be responsible fo r  
ac tive  production o f te n s i le  forces in the c irc u m fe re n t ia l ly  oriented 
in te r c e l lu la r  cytoske le ta l complex. Possibly m icrofilaments act 
s im i la r ly  in  Heteropeza but were not detected.
During growth phase 4, the volume o f  the f o l l i c l e s  increases 
markedly (from about 1 mm^  to about 6.5 mm^). In order to accommodate 
th is  size increase and ye t maintain and create fu r th e r  elongation o f 
the f o l l i c l e ,  there is  a change in  the composition o f the tunica p ropr ia , 
and a change in f o l l i c l e  c e l l  shape.
F o l l i c le  c e ll  shape changes from cuboidal to columnar during the 
t ra n s i t io n  from growth phase 3 to  growth phase 4, The columnar shape 
is  somewhat su rp r is ing  since the volume o f the oocyte increases 
considerably; one would expect the f o l l i c l e  c e l l  shape to become 
f la t te n e d  o r, i f  c e l l  d iv is io n  is  occurring , to remain cuboidal.
Bonhag (1959) reports th a t  in  Region 4 (during growth phase 3) c e l l  
d iv is io n  is  continuous; spindle axes are always oriented in  the plane 
o f  the ep ithe lium . However, a t the pos te r io r  end o f  Region 4 (as 
growth phase 4 begins) m ito t ic  spindles l i e  perpendicular to th is  plane 
and nuclear d iv is io ns  are not followed by cy tok ines is . B i-  and m u lt i -  
nucleate c e l ls  are produced. Since c e ll  volume remains f a i r l y  constant 
during the change from cuboidal to columnar, these nuclear d iv is ions  
could be responsible fo r  columnar shaping o f  the f o l l i c l e  c e l ls  because 
the add it iona l nuclei have to be accommodated one above the other 
re la t iv e  to the oocyte surface.
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The tunica propria is  juxtaposed against the outer surface o f 
the f o l l i c u l a r  ep ithe lium  which secretes i t  (Bonhag & Arnold, 1961). 
C ircum fe ren t ia l ly  oriented f ib rous  elements in the m atr ix  o f  the 
tunica propria  are f i r s t  detectable as the oocyte enters growth phase 
4. This is  in  contrast to the un iform ly laminated non-fibrous tunica 
propria  o f  growth phase 3. The tun ica also becomes reduced in 
thickness as th is  occurs. This is perhaps because o f s tre tch ing  due 
to the increase in volume o f the enclosed f o l l i c l e  and oocyte. The 
composition o f  insect connective tissues has been reviewed by Ashurst, 
(1968) and Smith, (1968). Many ind ica t ions  o f the presence o f 
f i b r i l s  w ith in  insect basement laminae have been reported. Chemical 
and autoradiographic studies o f  insect basement laminae suggest tha t 
the filamentous component o f  the basement lamina is  collagen 
(Fawcett, 1966). F ib r i l  diameters vary in  d i f fe re n t  insect species 
(Smith & Treherne, 1963). Fibres w ith the greatest diameters 
(30 - 40 nm) are usually  cross banded (Ashurst, 1968); smaller f ib re s  
(diameters from 6 - 20 nm) are usua lly  non-banded (Ashurst & Chapman, 
1961; Beaulation, 1968; Locke & Huie, 1972). Secretion o f  small 
f ib re s  usually  precedes th a t o f  la rg e r  f ib re s  in basement laminae 
th a t f i n a l l y  include both small and large f ib res  (Ashurst & Costin,
1974), This is  the s i tu a t io n  found in the tunica propria o f  
P. americana. The occurrence o f f ib re s  and th e i r  s t ru c tu ra l 
resemblance to the f ib re s  observed in other insect species s trong ly  
supports the hypothesis th a t collagen is  present in  the tun ica propria 
o f  P. americana although add it iona l evidence is  necessary to substantiate  
th is  assumption. Biochemical, X-ray and autoradiographic researches 
are l im ite d  mainly by the d i f f i c u l t y  o f  is o la t in g  collagen from the 
tunica p ropria . Whether collagenous or e la s t ic  in nature, the 
'sca ffo ld ing* ' arrangement o f such f ib re s  would have obvious mechanical
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importance to the gross form o f the tun ica. The f ib re s  only appear 
during growth phase 4 when the f o l l i c l e  is  about 900 pm in  length and 
360 pm in diameter. This implies a co rre la t io n  between size and the 
presence o f f ib re s .  De Biasi and P i lo t to  (1976) found a co rre la t io n  
between body weight and s truc tu re  o f neural lamellae in  various 
dipterans. Bundles o f  collagenous f ib re s  only appear in  species o f 
la rg e r  s ize. This would support the idea o f  a s tru c tu ra l or mechanical 
ro le  fo r  the tunica propria  f ib re s .
During growth phase 5 anisometric growth continues u n t i l  the 
f o l l i c l e  a tta in s  the shape o f a p ro la te  spheroid. Oocyte volume
increases dram atica lly  (from 6.5 mm^  -  19.5 mm^). M ito t ic  d iv is ions
o f  f o l l i c l e  c e l ls  cease and f o l l i c l e  c e l ls  change in shape from 
columnar to squamous. V ite l lo g e n ic  channels th a t pass between adjacent 
f o l l i c l e  ce l ls  become estab lished. Concommitantly, f o l l i c l e  ce l ls  
lose the organised c ircum feren tia l sub-surface arrangement o f  micro­
tubules, m icrofilaments and desmosomes which is  so marked during growth 
phases 3 and 4. I f  the in te r l in k e d  microtubules, m icrofilaments and 
desmosomes are involved in tension transmission between f o l l i c l e  c e l ls ,  
th e i r  loss would cause the f o l l i c l e  c e l ls  to  f la t te n  and assume the 
ch a ra c te r is t ic  squamous shape o f f o l l i c l e  ce l ls  during growth phase 5.
The loss o f  apical desmosomes may also aid in the development o f 
v i te l lo g e n ic  channels.
Although the c ircum feren tia l sub-surface arrangement o f  m icrotubules, 
m ic ro f i  laments and desmosomes is  lo s t ,  c ircum ferentia l tunica propria 
f ib re s  are present by th is  time and also an add it iona l layer has 
developed in  the tun ica , although the î^ t l ' t r .  has decreased in thickness. 
With the onset o f  v i te l lo g e n e s is , oocyte volume increases and th is  
presumably stretches the tun ica propria  and may create considerable
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tension in  the The fa c t  th a t  the tunica contracts appreciably
a f te r  ovu la tion  s trong ly  ind ica tes th a t th is  is  so. The tension in 
the tunica propria  might be res is ted  by the granular as well as the 
f ib rous  laye r. The granular layer might be more p l ia b le  than the 
f ib rous  layer and help to prevent d is rup tion  o f the f ib rous  layer as 
oocyte volume increases. A granular layer has not prev ious ly  been 
reported fo r  the tunica propria  o f any other insect. Dense granules 
(diameter 50 nm) have been found amongst f ib re s  in  the basement lamina 
o f  the developing chick neuro-epithelium (Cohen & Hay, 1971). These 
' i n t e r s t i t i a l  granules' are thought to be precursors o f  the f i b r i l l a r  
components o f  the m atr ix . Although s im i la r  in size and appearance to 
those o f the tun ica propria  in  P. americana, the la t t e r  granules only 
appear a f te r  the production o f f ib re s  in the tun ica.
2 THE 'FOLLICLE-TUNICA' SEQUENCE DURING ANISOMETRIC OOCYTE GROWTH
(FIG. 26)
During growth phase 3, c ircum feren tia l resistance to  f o l l i c l e  
growth is  apparently provided by a cytoske leta l system o f m icrotubules, 
m icrofilaments and desmosomes. During growth phase 4, the addit ion  o f 
c ircum feren tia l f ib rous  elements to  the tunica propria  could also 
con tr ibu te  c ircum feren tia l resistance to  f o l l i c l e  growth as oocyte 
volume increases, and compensate fo r  the loss o f the in t r a c e l lu la r  
system during growth phase 5. The v i te l lo g e n ic  channels would probably 
impair the e ffectiveness o f  a m icrotubule-m icrofilam ent system at th is  
stage so th a t c ircum feren tia l resistance to f o l l i c l e  growth is  seemingly 
provided by the tunica propria  alone. The add it ion  o f an outer 
granular layer to the tunica a t th is  time may be mechanically s ig n i f ic a n t  
in th is  context.
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CHAPTER 2
CONTROL OF FOLLICLE SHAPING IN THE TELOTROPHIC 
OVARIOLES OF RHODNIUS PROLIXUS
INTRODUCTION
A c ircum feren tia l tension tra n sm it t in g  cytoske leta l system is 
apparently operating in  some, and perhaps a l l ,  pano is t ic  and po ly troph ic  
ovario les during oogenesis (see Chapter 1). I t  was there fo re  necessary 
to  examine an example o f  the th i r d  group o f o va r io le - typ e s , the te lo tro p h ic  
o va r io les , to ascerta in  whether they also operate a s im i la r  system.
This chapter deals w ith  f ib re  arrays th a t seem to in fluence f o l l i c l e  
shape during the production o f  mature oocytes in  Rhodnius p ro l ix u s . I t  
reveals th a t although shape contro l is  d i f fe re n t  from th a t  in  P. americana 
in some respects, an in t e r c e l lu la r ly  coupled system o f cytoske leta l 
f ib re s  is  also present.
RESULTS
1 OVARIOLE ORGANISATION
Since the te lo tro p h ic  ova r io le  has no germarium once the adu lt 
condition  is  reached, no new oocytes are produced. Shortly  a f te r  
the la s t  nymphal moult, the ovario les  o f  adults have th e i r  f u l l  complement 
o f  oocytes located a t the base o f  the tropharium. Thus, complete de­
velopmental sequences are never present w ith in  one organism at any one 
time. Measurements o f  the diameters and lengths o f  a l l  f o l l i c l e s  in a 
large sample o f  ovario les  removed from adu lt females reveal changes in  
the re la t io n sh ip  o f  these two parameters th a t  co rre la te  w ith  pre- 
v i te l lo g e n ic  and v i te l lo g e n ic  growth (Figs. 27 & 28).
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2 FOLLICLE FINE STRUCTURAL ORGANISATION
A de ta iled  cy to log ica l study has been conducted fo r  R. p ro lixus 
ovario les by Heubner and Anderson, (1972 a, b and c). The account 
which fo llows deals mainly w ith  s truc tu res th a t are apparently concerned 
w ith  f o l l i c l e  shaping. Most o f  these s tructures were not examined in 
d e ta i l  by Heubner and Anderson.
(a) The tunica propria
During e a r ly  p re v ite l lo g e n ic  growth, the tun ica propria  is  about 
320 nm th ic k .  By la te  p rev ite l logenes is  the tun ica is  reduced in th ic k ­
ness to  about 255 nm, and during v ite l lo g en e s is  is  fu r th e r  reduced to 
95 nm (Figs. 29, 30 & 31). Throughout growth o f the tunica p rop r ia , i t s  
composition remains f a i r l y  constant. Fibrous elements ramify between 
the amorphous materia l o f  the tun ica . The f ib re s  are concentrated in to  
a layer up to 128 nm th ic k  on the side o f  the tunica nearest the 
f o l l i c u l a r  ep ithe lium . Fibres are often grouped in to  bundles th a t are 
25 - 30 nm in  diameter. The f ib re s  are mainly oriented c irc u m fe re n t ia l ly  
in d irec t io ns  a t r ig h t  angles to the po lar axes o f  oocytes and p a ra l le l  
to the outer surface o f  the f o l l i c u l a r  epithelium (Figs. 32 & 33).
(b) The f o l l i c l e  c e l ls
During p re v ite l lo g e n ic  growth, bundles o f  m icrofilm ants th a t are 
about 300 nm in diameter are apparent a t the apex o f  each c e ll  d i r e c t ly  
beneath f o l l i c l e  c e l l  outer surfaces (Fig. 29). Bundles are oriented 
c irc u m fe re n t ia l ly  a t r ig h t  angles to  oocytes* po lar axes and p a ra l le l  to 
the outer surfaces o f f o l l i c l e  c e l ls .  Microtubules w ith the same 
o r ie n ta t io n  occasiona lly  in te rd ig i t a te  between the m icrofilament bundles 
(Fig. 32). Microtubules also run p a ra l le l  to the long axes o f  c e l ls
(F ig . 34). These may help to maintain the columnar shape o f f o l l i c l e
c e l ls  (Heubner & Anderson, 1970; 1972 a).
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The outer surfaces and apical la te ra l  membranes o f  f o l l i c l e  ce l ls  
are h igh ly  i r re g u la r  in  shape. F ilopod ia l c e l l  extensions th a t are 
about 190 nm in diameter p ro jec t from f o l l i c l e  c e l ls .  M icrofilament 
bundles extend along the in te r io r s  o f  these extensions (Fig. 35).
At the bases o f f o l l i c l e  c e l ls ,  the plasma membranes o f adjacent 
c e l ls  are connected by desmosome complexes. These include septate 
desmosomes, gap junct ions and desmosomes o f the zonula adhaerens v a r ie ty  
(F ig. 36). At the leve l o f  these basal zonula adhaerentes, and c lose ly  
associated with these desmosomes, m icrofilament bundles (about 300 nm 
th ic k )  extend across each c e l l  (F ig. 37). Nearly a l l  o f  the bundles are 
c i rc u m fe re n t ia l ly  arranged. The microfilaments run p a ra l le l  to the 
outer surfaces o f  f o l l i c l e  c e l ls  and a t r ig h t  angles to the po lar axes 
o f  oocytes. The same arrangement o f  desmosomes and m icrofilament bundles 
occurs throughout p rev ite l logenes is  although during la te  p rev ite llogenes is  
(when f o l l i c l e s  are about 600 pm long) the f o l l i c l e  ce l l /o o cy te  boundary 
becomes 'peaked' (Fig. 38). The 'peaks' occur a t the po in t where ad­
jacent f o l l i c l e  c e l ls  meet each o ther. In these instances, the micro­
f i lam en t bundles extend from 'peak' to 'peak*. Basal m icrofilament
bundles are only found in  elongating f o l l i c l e s .  Very ea r ly  p r e v i t e l lo ­
genic f o l l i c l e s  are spherica l. Their f o l l i c l e  c e l ls  do not have basally  
positioned m icrofilament bundles.
V ite l lo g e n ic  oocytes (about 1100 pm - 2000 pm in  length) are d is ­
tinguished by the presence o f channels between f o l l i c l e  c e l ls  (F ig. 39). 
These channels are e x t ra c e l lu la r  spaces th a t are widest (about 3 - 5  pm) 
a t the extreme outer and inner surfaces o f  the ep ithe lium  (Figs. 40 & 41). 
Channels only form between f o l l i c l e  c e l ls  along the sides o f oocytes 
while those c e l ls  which form the cap or apical region o f  a f o l l i c l e  are 
longer and c lose ly  apposed to one another. Thin bundles o f m icrofilaments
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(about 120 - 130 nm th ic k )  fo l lo w  the margins o f  the developing 
v i te l lo g e n ic  channels along c e l l  membranes a t the sides o f f o l l i c l e  c e l ls  
(Figs. 42 & 43).
Along the sides o f f o l l i c l e s ,  c e l ls  re ta in  th e i r  association with 
each o ther, despite the presence o f channels, v ia c e l l  surface p ro jec tions . 
Bundles o f  m icrofilaments extend along the in te r io rs  o f  these p ro jec tions . 
Pro jections from the outer surfaces o f  f o l l i c l e  c e l ls  approach the tunica 
propria as is  the case during e a r l ie r  stages o f  oogenesis (Fig. 44) while 
those from the inner surfaces o f  f o l l i c l e  c e l ls  approach the oolemma 
(F ig . 45).
The large apical and basal m icrofilament bundles observed in f o l l i c l e  
c e l ls  o f  p re v ite l lo g e n ic  oocytes are absent during v i te l lo g e n e s is .
DISCUSSION
The resu lts  presented above show tha t oocytes and th e i r  f o l l i c l e s  
grow an isom etr ica l ly  as they pass p o s te r io r ly  down the ova r io le . 
Furthermore, there are changes in  the cytoske leta l organisation o f f o l l i c l e  
c e l ls  during the t ra n s i t io n  from p re v ite l lo g e n ic  to v i te l lo g e n ic  growth o f 
oocytes (Fig. 46). This may be an ind ica t ion  th a t the f o l l i c l e  ce l ls  
are c lose ly  involved in  f o l l i c l e  shaping. There are no ind ica t ions  
th a t the oocytes and the ova r io le  sheaths play a major ro le  in f o l l i c l e  
shaping. For example, the oocyte contains no well oriented cytoske leta l 
arrays. The two ova r io le  sheaths are c o n tra c t i le  (Heubner & Anderson,
1972 a). However, each sheath is  a re t ic u la r  network o f  c e l ls  separated
from one another and from the f o l l i c l e s  by haemolymph. Any tension 
transm itted from myoepithelia l c e l ls  to f o l l i c l e s  yi_a the haemolymph 
could provide 'corset-1 ike^ support to f o l l i c l e s  but i t  is  doubtful 
whether they play a major ro le  in  f o l l i c l e  shaping.
Instead, f o l l i c u l a r  resistance to c ircum feren tia l expansion may be
36
la rg e ly  responsible fo r  de f in ing  the elongate form o f R. p ro lixus  
oocytes. Most oocyte elongation occurs during the period preceding 
v ite l lo g en e s is  (de Wilde & Loof, 1974). During p rev ite l log e n e s is ,  a 
system o f c i rc u m fe re n t ia l ly  oriented microfilaments and specia lised 
junct ions is  s itua ted  a t  both the outer and the inner surfaces o f  f o l l i c l e  
c e l ls .  The arrangement o f m icrofilaments is  such th a t they may be 
responsible fo r  the ac tive  production o f  te n s i le  forces between and w ith ­
in f o l l i c l e  c e l ls .  There is  evidence th a t cytoplasmic c o n tra c t i le  pro­
te ins  may function  as a cy toske le ta l system in  the cytoplasmic m atrix  
(P o lla rd , 1976). M icrofilaments found in Drosophila melanogaster 
f o l l i c l e  c e l ls  have been found to bind to heavy meromyosin (Weilings,
J.V., Personal Communication), This reveals th a t the microfilaments 
are ac t in  fi lam ents and there fore  probably act in conjunction w ith  
myosin to  produce a c o n tra c t i le  e f fe c t .  I t  is  h igh ly  l i k e l y  th a t the 
m icrofilaments observed in  R. p ro lixus  f o l l i c l e  c e l ls  are s im i la r ly  
composed although fu r th e r  experimentation is  necessary to substantiate  
th is .  The 'peaked' arrangement o f  f o l l i c l e  c e l l  bases o f la te  
p re v ite l lo g e n ic  f o l l i c l e s  may be an in d ica t io n  o f  tension production.
The c ircum feren tia l tension could be d is t r ib u te d  throughout the 
f o l l i c u l a r  epithe lium (the cytoplasmic pro jections may play a support­
ing ro le  in  th is  respect) thereby re s t r ic t in g  c ircum feren tia l expansion 
o f  the f o l l i c l e .  I f  th is  is  so, f o l l i c l e s  would become more elongate 
in  d irec t ions  which p a ra l le l  the po la r axis o f  the oocyte.
The re su lts  show th a t the growth o f  f o l l i c l e s  during v i te l lo gen es is  
is  v i r t u a l l y  isom etric . The v i te l lo g e n ic  channels would obviously im­
p a ir  the e ffectiveness o f the p re v ite l lo g e n ic  m ic ro f i1 ament/junction 
system, so during v i te l lo g e n e s is ,  c ircum feren tia l resistance to f o l l i c l e  
growth is  apparently provided by the tunica propria alone. This would 
account fo r  the less marked resistance to c ircum feren tia l growth observed
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during v ite l lo gen e s is  as compared w ith  p rev ite l logenes is . I t  is  not 
known to what extent organised, oriented e x t ra c e l lu la r  s tru c tu re s , such 
as the f ib rous  tunica p rop r ia , are responsible fo r  the form and in te g r i t y  
o f  the c e l lu la r  systems they c le a r ly  support. However, i t  is  genera lly  
supposed th a t e x t ra c e l lu la r  f ib re s  confer r i g i d i t y  in maintaining shape 
perm itt ing  the range o f c e l l  action to extend in  space fa r  beyond th a t o f  
a s ing le  c e l l .
C ircumferentia l systems have been found in a l l  f o l l i c l e s  th a t have 
been selected w ith  a view to  examining examples o f each o f the three 
ovario le  types as shown in Table 1. Therefore, presumably most insect 
f o l l i c l e s  have such a system. I t  is  in te re s t in g  th a t a c ircum feren tia l 
system o f  both microtubules and microfilaments appear to be u t i l i z e d  
during P. americana f o l l i c l e  e longation, whereas a c ircum feren tia l 
system consis t ing  predominantly o f  m icrofilaments (c ircum feren tia l 
microtubules are ra re ly  encountered) is  apparently u t i l i z e d  during 
R. p ro lixus  f o l l i c l e  e longation. Microtubules do occur in  te lo tro p h ic  
ovario les where they act in  o ther developmental capac it ies . For 
example, microtubules apparently f a c i l i t a t e  ribosomal f low  in  n u t r i t i v e  
tubes o f R. p ro lixus  (McGregor & Stebbings, 1970; Stebbings & Bennett,
1975).
A l l  th is  f in e  s tru c tu ra l evidence fo r  f o l l i c u l a r  contro l o f  oocyte 
shaping and elongation in  P. americana and R, p ro lixus  is  c ircum stan t ia l.  
However, experimental support has been provided by Went, (1978) fo r  
Heteropeza pygmaea. Oocytes grow iso m e tr ic a l ly  and f a i l  to  elongate 
when they develop in  v i t r o  a f te r  treatments which prevent the enclosure 
o f oocytes by a f o l l i c u l a r  ep ithe lium .
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CHAPTER 3
THE MECHANISM OF OVIPOSITION AND CORPUS LUTEUM 
FORMATION IN THE PANOISTIC OVARIOLES OF P. AMERICANA 
AND THE TELOTROPHIC OVARIOLES OF R. PROLIXUS
INTRODUCTION
The passage o f the oocyte from the ovario le  in to  the oviduct is  one 
o f the main ovu la tory events in  insec ts . I t  involves the escape o f an 
oocyte from the f o l l i c u l a r  ep ithe lium  and the breakdown o f  the e p i th e l ia l  
plug a t the entrance to the oviducal pedicel. V i r tu a l ly  nothing is  
known about the means by which these events are e ffected (Davey, 1965). 
Various theories have been proposed to account fo r  the posteroid move­
ment o f  oocytes in  the ova r io le  and th e i r  subsequent release. These 
theories include 'crowding' (Raven, 1961), muscular p e r is ta ls is  o f 
myoepithe lia l c e l ls  o f  the ova r io le  sheaths (King & Aggarwal, 1965;
Chapman, 1972), and e la s t ic  action on the part o f the tunica propria  
(Singh, 1958; Bonhag & Arnold, 1961; Chapman, 1972). However, i t  
seems l i k e l y  from my studies th a t no one o f the fac to rs  described above 
is  e n t i r e ly  responsible and th a t ,  in  ad d it ion , cytoske leta l elements 
and e x t ra c e l lu la r  f ib re s  may also be involved. I t  seems th a t f o l l i c l e  
c e l l  cytoskeletons may be concerned w ith propulsion o f  oocytes in to  
oviducts (a f te r  helping to define oocyte shaping in  ce rta in  insects) and 
th a t they adopt new configura tions to accomplish th is  task as they enter 
a post v i te l lo g e n ic  phase o f mechanochemical a c t i v i t y .
RESULTS
1 POST-VITELLOGENESIS
L i t t l e  is  known about what brings about the cessation o f  v i te l lo gen es is  
and the onset o f  chorion deposition (Heubner & Anderson, 1972a). However,
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changes in  the f o l l i c u l a r  ep ithe lium  occur in  close temporal association 
w ith  these events, which con trast w ith those observed during v ite l lo gen es is .
(a) Rhodnius p ro lixus
When oocytes a t ta in  lengths o f about 1.9 mm they enter a post- 
v i te l lo g e n ic  phase. V i te l lo g e n ic  channels become occluded and the 
f o l l i c l e  c e l ls  become low columnar in  shape (25 - 30 pm in  leng th ). The
ovar io le  sheath l ie s  very close to these p o s t-v i te l lo g e n ic  f o l l i c l e s .
I t  is  separated from i t  by a gap o f  about 0.25 pm (Fig. 47). Evidence 
fo r  two d is t in c t  layers o f  sheath c e l ls  such as those re fe rred  to by 
Heubner & Anderson, (1972 a) are not c le a r ly  apparent in  e lectron 
micrographs (F ig. 47). As in  v i te l lo g e n ic  oocytes, f o l l i c l e  c e l ls  are 
connected to adjacent f o l l i c l e  c e l ls  by means o f c e l l  in te rd ig i ta t io n s .  
Microfilaments extend along the in te r io r s  o f  such in te rd ig i ta t io n s .
Unlike the s i tu a t io n  in f o l l i c l e  c e l ls  o f  v i te l lo g e n ic  oocytes, d iscre te  
bundles o f c i rc u m fe re n t ia l ly  o riented microfilaments occur a t in te rva ls  
beneath the outer surfaces o f  f o l l i c l e  c e l ls .  Lateral membranes o f 
f o l l i c l e  c e l ls  are very convoluted in  shape (Fig. 48).
(b) Periplaneta americana
At the time o f  v i t e l l i n e  membrane formation f o l l i c l e s  are about 4 mm 
in  length. As during stage 5, f o l l i c l e  ce l ls  are squamous in shape. 
However, v i t e l l i n e  channels are much reduced in s ize. Many microtubules 
are s itua ted  d i r e c t ly  beneath the outer surfaces o f f o l l i c l e  c e l ls  
contrary to the s i tu a t io n  during stage 5. The microtubules are 
c i rc u m fe re n t ia l ly  oriented p a ra l le l  to  the outer surfaces o f f o l l i c l e  
c e l ls ,  and a t r ig h t  angles to the oocytes' po lar axes (Fig. 49). 
Furthermore, groups o f  m icrofilaments occur at in te rv a ls  d i r e c t ly  beneath 
f o l l i c l e  ce l l  outer surfaces.
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Once chorion formation has begun, f ix a t iv e s  and resins do not 
penetrate in to  the oocyte. Because o f  th is ,  th in  sectioning is  not 
fe as ib le  and hence chorionated f o l l i c l e s  ju s t  p r io r  to ovu la tion  were 
not studied.
2 CORPUS LUTEUM FORMATION
A fte r  the release o f a terminal oocyte, the remaining f o l l i c l e  
( i . e .  the f o l l i c u l a r  ep ithe lium  and tun ica propria ) is  s itua ted  a t the 
base o f  the ova rio le  where i t  forms a corpus luteum. In sp ite  o f  a 
considerable reduction in  volume o f the space previously occupied by 
the oocyte, no crumpling o f  the f o l l i c u l a r  epithe lium takes place.
Neither is  the ep ithe lium  separated from the tunica propria . However, 
the tunica is  h igh ly  fo lded. This is  an ind ica t ion  o f  the contraction  
o f the f o l l i c l e  and is  a s i tu a t io n  pecu lia r  to post-ovu la tion  tunica 
p ropria . In P. americana both an outer granular and an inner f ib rous  
layer are present as in  stage 5 (Fig. 50). In R. p ro lixus  too, the 
inner f ib rous  laye r is  present as in f o l l i c l e s  p r io r  to ovu la tion  (Fig. 
51), However, there is  evidence th a t some degeneration o f  the tunica 
propria  layers occurs in  'o ld '  corpora lutea where the fo lds  o f  the 
tun ica propria  become more conspicuous because o f secondary fo ld in g  
(F ig. 52 & 53).
Many o f the c e l ls  o f  the corpus luteum undergo pyknotic degeneration 
and e x h ib i t  large nuclei in  various stages o f au to lys is .  The degenera­
t io n  appears to begin a t the centre o f  the corpus luteum and then pro­
ceeds outwards towards the tun ica. The signs o f  degeneration are c le a r ly  
apparent too, in  the cytoplasm (Fig. 55).
More im portan tly , m icrotubules are very conspicuous in  c e l ls  not ye t 
showing signs o f degeneration. Large numbers o f microtubules run
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p a ra l le l  to the long axis o f  each c e l l  in  both P. americana and R. 
p ro lixus  (Figs. 56 & 57). Longitudinal and transverse sections ind ica te  
th a t the microtubule o r ie n ta t io n  is  rad ia l w ith respect to  the long itud ina l 
axis o f the corpus luteum. In P. americana, in  add it ion  to the r a d ia l ly  
o riented microtubules there are c i rc u m fe re n t ia l ly  oriented microtubules. 
These occur d i r e c t ly  beneath and p a ra l le l  to the outer surfaces o f 
f o l l i c l e  c e l ls ,  and a t r ig h t  angles to the long itud ina l axis o f the 
ova rio le  (Fig. 58). Although c irc u m fe re n t ia l ly  oriented microtubules 
occur p r io r  to  ovu la tion in  P. americana, ra d ia l ly  arranged microtubules 
are pecu lia r  to  post-ovu la tion  f o l l i c l e  c e l ls .  Rad ia lly  arranged micro­
tubules in  R. p ro lixus  are also un like  the s i tu a t io n  p r io r  to ovu la tion .
As in the f o l l i c l e  c e l ls  o f  P. americana and R. p ro lixus  p r io r  to 
ovu la t ion , c e l ls  o f  the corpus luteum contain bundles o f microfilaments 
d i r e c t ly  beneath th e i r  outer surfaces (Figs. 58 & 59).
A diagrammatic representation o f  the s i tu a t io n  p r io r  to ,  and a f te r ,  
ovu la tion  in  P. americana and in  R. p ro lixus  is  shown in Figure 60.
DISCUSSION
A continuous and rhythmic reproductive cycle has been observed in 
P. americana (B e l l ,  1969; Maa & B e l l ,  1977). This cycle is  thought to 
be con tro lled  in  part by an endogenous 'c lo c k - l ik e '  mechanism w ith in  
ovarian f o l l i c l e s  (Maa & B e l l ,  1977). In R. p ro l ix u s , ovu la tion is  not 
synchronous fo r  d i f fe re n t  ovario les w ith in  the same ind iv idu a l (Heubner 
& Anderson, 1972 b). Ovulation must there fore  be con tro lled  by a 
mechanism w ith in  each o va r io le . The mechanism is  very probably an active  
process since ovu la tion  only occurs once the oocyte is  f u l l y  mature, i . e .  
when the chorion is  completed. The f o l l i c l e  does not increase in size
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during chorionation since the chorion develops w ith in  the 'space' between 
oocyte and f o l l i c u l a r  ep ithe lium . The volume occupied by the oocyte 
during th is  stage is  constant. Something must be d r iv in g  the oocyte 
down in to  the ov iduc t, and i t  seems th a t the f o l l i c l e  is  involved.
The tunica propria  o f  the corpus luteum becomes h igh ly  fo lded.
I t  has been suggested (Singh, 1958) th a t  ovu la tion  in Locusta m igra toria  
is  followed by 'progressive contraction  o f the tunica propria  through 
the formation o f secondary f o ld s ' .  However, there is  no known case o f 
a c t iv e ly  c o n tra c t i le  e x t ra c e l lu la r  f ib re s .  The presence o f cytoske leta l 
elements w ith in  c e l ls  p rev ious ly  p ra c t ic a l ly  devoid o f these elements and 
during a time when oocyte growth has ceased is  s ig n i f ic a n t .  There is  a 
strong case fo r  proposing th a t  the f o l l i c u l a r  ep ithe lium  becomes a c t iv e ly  
c o n tra c t i le  as i t  enters a new phase o f cytoske leta l co -o rd ina t ion . The 
rad ia l o r ie n ta t io n  o f microtubules ( in  f o l l i c l e  c e l ls  o f  corpora lu tea) 
may be responsible fo r  the elongated shape o f f o l l i c l e  c e l ls  in  corpora 
lu tea compared w ith  f o l l i c l e  c e l ls  p r io r  to ovu la tion . The la t t e r  are 
squamous (P. americana) or low columnar (R. p ro l ix u s ) in  shape and 
contain no microtubules p a ra l le l  to  th e i r  long axes. Microtubules are 
spatio -tem pora lly  associated w ith  c e l l  e longation in  a wide range o f 
ce l l  types (Renaud & S w if t ,  1964; T ilney & Porte r, 1967). Any necessary 
increase in  la te ra l  membranes is  already present; f o l l i c l e  c e l l  boundaries 
are h igh ly  convulated p r io r  to  ovu la tion . This change in c e l l  shape 
throughout the f o l l i c u l a r  ep ithe lium  in a d ire c t io n  a t r ig h t  angles to the 
f a i r l y  r ig id  chorionated oocytes' po lar axes, together w ith  aid from a 
tun ica p rop r ia , which is  perhaps e la s t ic  and under tension p r io r  to oocyte 
discharge, might create the necessary force required to discharge an oocyte 
Assistance may be provided by the c ircu m fe re n t ia l ly  oriented m icrofilaments 
a t the apices o f f o l l i c l e  c e l ls .
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In R. p ro l ix u s , the ova r io le  sheaths contain myoepithe lia l c e l ls .  
Since the ova rio le  sheaths l i e  very close to mature f o l l i c l e s ,  they may 
also a ss is t  in  the process o f ovu la tion . The ova r io le  sheath o f  JP. 
americana contains no myoepithe lia l c e l ls  or any other c o n tra c t i le  
elements and therefore probably exerts no d ire c t  force on f o l l i c l e s  but 
ra the r o f fe rs  a c o rs e t- l ik e  support to  the ovario le .
The p o s s ib i l i t y  remains th a t oocytes are released purely as a re s u lt  
o f the breakdown o f the e p i th e l ia l  plug which separates f o l l i c l e s  from 
the pedicel perhaps by muscular con trac tion  or p e r is ta ls is  o f  the pedicel 
and/or ov iduct. However, how would these elements 'know' when oocytes 
are mature? I t  seems more l i k e l y  th a t the e p i th e l ia l  plug is  a c t iv e ly  
'broken through' by the combined forces exerted on the r ig id  chorionated 
egg by the tunica p rop r ia , cy toske le ta l elements w ith in  the f o l l i c u l a r  
ep ithe lium , and in  some cases a muscular ovario le  sheath. Thereafter 
crowding (Raven, 1961) and the e la s t ic  nature o f  the tunica propria 
(Singh, 1958; Bonhag & Arnold, 1961; Guthrie & T in d a l l ,  1968; Chapman, 
1972) may e f fe c t  the posteriad movement o f  f o l l i c l e s  down the ova r io le .
The v e rs a t i le  nature o f  the f o l l i c u l a r  ep ithe lium  is  once more 
apparent. I t  seems th a t the f o l l i c u l a r  epithe lium  p r io r  to ovu la tion  
contains cytoske le ta l arrays which appear to be s p a t ia l ly  and temporally 
co-ordinated fo r  shape contro l during the production o f  mature oocytes, 
but th a t once oocytes are f u l l y  mature, the f o l l i c u l a r  ep ithe lium  enters 
a new phase o f  cytoske le ta l co-o rd ination  concerned w ith  the discharge 
o f  the mature oocytes.
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CHAPTER 4
SPATIO-TEMPORALLY CO-ORDINATED EPIDERMAL CELL SHAPING 
DURING WING DEVELOPMENT IN CALLIPHORA ERYTHROCEPHALA
INTRODUCTION
Waddington' s (1941) examination o f  wing development in  Drosophila 
melanogaster ind icates th a t  epidermal ce l ls  undertake a remarkable 
sequence o f shape changes as the compact h igh ly  folded imaginai wing d isc 
expands during pupation to form a f la t te n e d  b la de - l ike  adu lt wing. The 
sequence is  apparently more complex than any other reported fo r  an 
epidermis during embryogenesis. The i n i t i a l l y  very elongate ce l ls  
shorten, then re-elongate by producing f in e  basal extensions. These sub­
sequently shorten,and f i n a l l y  c e l l  bodies f la t te n ,b u t  ye t again produce 
basal extensions. Such materia l there fore  provides an exce llen t oppor­
tu n i ty  to examine the ways in which the shaping o f ind iv idua l c e l ls  is  
re la ted  to overa ll changes in  epidermal shape and surface area, and the 
ways in which changes in  cy toske le ta l organisation and c e l l  contact are 
s p a t ia l ly  and fu n c t io n a l ly  co-ordinated w ith  c e l l  and t issue  shaping. 
Waddington's account was based on l ig h t  microscopical examination o f 
sections o f  p a ra f f in  wax embedded m a te r ia l.  I t  did not provide the 
information required to tack le  a l l  the issues raised above. This chapter 
provides such information fo r  wing development in  Calliphora erythrocephala 
The information has been obtained by a de ta iled  examination o f the morpho­
m etries, h is to log y , and u l t ra s t ru c tu re  o f  the wing epidermis as an imaginai 
d isc is  converted in to  an adu lt wing.
Studies on the development o f  Cal1iphora wing discs are not exten­
sive (Lewerenz, 1961; Agrell ,1966, 1968; Sprey, 1970; 1971;
Sprey & Oldenhave, 1974; V ijve rbe rg , 1974 a,b). These authors have con-
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centrated mainly on l ig h t  microscopical inves t iga tions  o f la rva l discs 
or very ea r ly  stages in évagination. No u l t ra s t ru c tu ra l  studies o f  de­
veloping Calliphora wings have been published.
RESULTS
1 THE MAIN STAGES OF WING EPIDERMAL SHAPING, EXPANSION AND GROWTH
The development o f  the wing o f  C. erythrocephala a t 20^0 (from the 
s ta r t  o f  puparium formation to emergence o f the a du lt)  occurs in about 
14 days. The duration o f  the morphogenic events reported below is  
approximate since the time course o f  development varies from one disc to 
another and between ind iv idu a l organisms. The c r i t e r ia  used to d is ­
t ingu ish  puparium formation were: cessation o f  locomotory movements,
eversion o f  the a n te r io r  sp irac les , and shortening o f  a larva as i t  
adopts a b a r re l - l ik e  shape c h a ra c te r is t ic  o f  the puparium. Puparium 
formation was designated as time 0 hours. As development proceeds, 
there is  a well defined temporal sequence o f d is t in c t  stages (Table 2).
At the s ta r t  o f  puparium formation (0 hours) the wing disc has a 
proximo-d ista l length o f  approximately 1.5 mm, and is  folded in  a 
ch a ra c te r is t ic  way (Fig. 61). Three main parts can be d istingu ished 
(Fig. 62). This study has been confined to the d is ta l  pa rt o f  the wing 
d isc which forms the wing blade. I t  is  approximately 0,5 mm long.
For the f i r s t  20 hours a f te r  the i n i t i a t i o n  o f  puparium formation, 
a progressive outgrowth o f  the wing imaginai d isc occurs w ith in  the 
constra in ts  o f the peripod ia l membrane. The process is  known as 
évagination or eversion. The term is  somewhat confusing since there is  
no actual évagination. The process merely invo lve# shape m odif ica tions 
o f  an e x is t in g  epidermal 'sac ' (Fig. 64).
At about 4 hours, a concave region known as the wing pouch can be
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TABLE 2 TABLE OF THE DEVELOPMENT OF THE WING OF C. ERYTHROCEPHALA 
FROM THE START OF PUPARIUM FORMATION TO ECLOSION
STAGE
HOURS AFTER THE 
START OF PUPARIUM 
FORMATION
MORPHOGENETIC EVENTS
1 1 - 20 Development, extension, and dorso- 
ven tra l f la t te n in g  o f  wing pouch. 
Formation o f  an epidermally  b ilayered 
wing blade.
2 21 -  22 Loss o f  pe ripod ia l membrane. 
Secretion o f  pupal c u t ic le  begins.
3 24 - 36 Further expansion and f la t te n in g  o f  
wing blade.
Formation o f  prepupal ve ins.
4 36 - 40 Wing blade swells .
5 48 - 50 Apolys is.
90 - 96 R e~f]a tten ing o f  wing blade and re ­
formation o f  a compact epidermal b i ­
laye r.
Formation o f  pupal ve ins.
A du lt c u t ic le  secre tion  begins.
6 96 -  120 D if fe re n t ia t io n  and formation o f 
a d u lt  c u t ic u la r  s tru c tu re s .
7 120 - 264 Expansion and fo ld in g  o f  wing blade 
w ith in  pupal c u t ic le
8 264 - 336 Pigmentation o f  c u t ic u la r  s truc tu re s . 
Adu lt c u t ic le  deposit ion  completed.
9 336 Eclosion.
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seen (Fig. 65). This pouch extends d is t a l l y  and protrudes fu r th e r  in to  
the peripod ia l ca v ity  (F ig . 66). I t  abutts on the peripod ia l membrane 
(F ig. 67). Concommitantly, the epidermal layers on opposite sides 
(pu ta tive  dorsal and ventra l layers o f  the wing) o f  the wing pouch be­
come more c lose ly  s itua ted , and f i n a l l y  make contact to form an epidermal 
'b i l a y e r ' ,  in which the basal portions o f  epidermal c e l ls  are juxtaposed 
(see la te r )  (Fig, 67). The b i la y e r  forms progress ive ly , s ta r t in g  at the 
most d is ta l  region o f  the disc which becomes the wing t i p  (Figs. 62 & 63).
From about 1 6 - 2 0  hours, the elongating wing disc begins to bend.
The wing appears to  tw is t  on i t s  axis so th a t when i t  escapes from the 
peripod ia l membrane, the wing now l ie s  in  a cephalocaudal d ire c t io n  w ith 
respect to the la rva l body (Fig. 68).
Stage 2 marks the po in t in  time a t which the peripod ia l membrane is  
no longer detectable. ( I t  apparently ruptures and breaks down. See 
la te r ) .  The wing is  a thickened b la d e - l ike  s truc tu re  1.3 mm in length 
which is  oval in  transverse section (Figs. 69 & 70). The lacunae o f 
the presumptive prepupal veins can be d is t ingu ished (Fig. 70) and 
secretion o f  the pupal c u t ic le  begins.
Stage 3 occurs from about 24 - 36 hours. The wing becomes
transformed very ra p id ly  in to  a th in  f la tte n ed  b lad e - l ike  s truc tu re  about 
2 mm long (Fig. 71). The wing continues to f la t t e n ,  more slowly than at 
f i r s t ,  and during th is  stage eventua lly  reaches a length o f  about 2.6 mm. 
During stages 1 -  3, wing length increases from about 0.5 mm to about 
2.6 mm, whereas the width only increases from about 0.7 mm to about 1 mm. 
The prominent features o f  th is  stage are expansion and f la t te n in g .  The 
wing is  th in  enough fo r  whole mounts to be f a i r l y  transparent so th a t the 
prepupal veins are c le a r ly  apparent (Fig, 71),
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At about 36 hours, the pupal head is  everted. This marks the be­
ginning o f  the pupal period (Robertson, 1936). At th is  time, the wing 
blade increases in th ickness. The whole blade swells markedly (Fig. 72). 
I t  has the appearance o f  a hollow bag l ined  by epidermal ce l ls  (see 
la te r ) .  The prepupal veins are no longer apparent. Dissection o f the 
wings a t th is  stage proves d i f f i c u l t  as the wings and the re s t o f  the 
organism are covered w ith  a s t ic k y  substance. This may be an end product 
o f la rva l t issue breakdown or is  perhaps re la ted  to pupal c u t ic le  
secre tion .
Apolysis occurs between 48 and 50 hours. The detached pupal c u t ic le  
remains throughout fu r th e r  pupal development and encloses the developing 
wing blade.
From about 50 - 96 hours a f te r  puparium formation, during stage 5, 
the wing blade again f la t te n s  in to  a th in  b lade - l ike  s truc tu re  and l ie s  
f re e ly  w ith in  the pupal c u t ic le  (Fig. 73). The f la t te n e d  blade is 
approximately the same s ize , in  terms o f  length and width as the swollen 
wing blade o f stage 4. The dorsal and ventra l epidermal layers become 
c lose ly  juxtaposed again, and the pupal veins become apparent (Fig. 74). 
During th is  b i- la y e r  formation the o u t l in e  o f the wing undergoes ce rta in  
subtle changes which bring i t  in to  the adu lt shape. Deposition o f  the 
adu lt c u t ic le  begins.
About 3 days (72 hours) a f te r  the onset o f  puparium formation, 
specia lised wing c u t ic u la r  s truc tu res  are apparent.
From 4 - 1 0  days (stage 7) the surface area o f  the wing again in ­
creases, eg. wing length increases from 4 mm to the f in a l  adu lt length 
o f  9mm. Since the pupal c u t ic le  imposes size re s t r ic t io n s  on the de­
veloping wing, the wing blade becomes folded in a c h a ra c te r is t ic  manner 
w ith in  the pupal c u t ic le  (F ig . 75). The c h a ra c te r is t ic  feature o f
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stage 7 is  expansion. The u lt im ate  size o f  the adu lt wing is  reached 
during th is  stage.
From 11 -  14 days (stage 8) pigmentation o f c u t ic u la r  s tructures and 
the f in a l  deposition o f  adu lt  c u t ic le  occurs.
Eclosion occurs about 14 days a f te r  the onset o f  puparium formation 
(stage 9). The wing unfolds and becomes sc le ro t ised  (Fig. 76).
2 STAGE 1: THE PSEUDOSTRATIFIED EPIDERMIS
The terminology used in the fo l low ing  account is  shown in Figure 77. 
The portion  o f  the wing imaginai d isc which w i l l  become the adu lt wing 
is  almost e n t i r e ly  composed o f  epidermal c e l ls  (apart from haemocytes 
present w ith in  the haemocoel). The epidermal c e l ls  which comprise the 
peripod ia l membrane are organised in to  a s ing le  layer o f  mainly squamous 
c e l ls .  In con tras t,  epidermal c e l ls  o f  the d isc proper are 
organised in to  a pseudos tra ti f ied  laye r about 110 pm th ic k  (Fig. 78). 
Ind iv idua l c e l ls  are spindle shaped. The portion o f  c e l l  a t the level 
o f  the nucleus is  the widest region (about 10 pm in w idth) along the 
length o f  each c e l l .  Each c e l l  spans the e n t ire  thickness o f  the 
epidermal laye r. The nuclei o f  these c e l ls  are arranged a t d i f fe re n t  
leve ls  w ith in  the pseudos tra ti f ied  laye r ,  but most nuclei were observed 
in  the basal halves o f  c e l ls .  Those nuclei s itua ted  near the apical sur­
face o f  the ep ithe lium  were d iv id in g  (F ig. 79). A l l  mitoses were con­
fined  to th is  le v e l .  Above and below the nucleus in each c e l l  are long 
c e l l  extensions. One process extends inwards from the nucleus to the
basement lamina. (The basement lamina is  4 - 6 nm th ic k  and has an
amorphous appearance (F ig. 84 )). The other process extends outwards 
from the nucleus to the outer surface o f the wing d isc. The extensions 
contain microtubules which are orien ted  p a ra l le l  to the long axis o f the
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c e l l  (Fig. 81). Epidermal c e l ls  are c lose ly  packed w ith  no in te r c e l lu la r  
spaces. Septate desmosomes jo in  adjacent c e l ls .  At c e l l  apices ad­
jacent c e l ls  in te rd ig i ta te  and are jo ined by zonulae adhaerentes (F ig. 82). 
F ilopod ia l extensions p ro je c t  from c e l l  bases.
The epidermal c e l ls  are h igh ly  vacuolated (Fig. 78). These vacuoles 
are concentrated mainly a t c e l l  apices and bases. At c e l l  apices 'b lebs ' 
o f  cytoplasm often occur (Figs. 78 & 82).
3 CELL DEVELOPMENT DURING DORSO-VENTRAL POUCH FLATTENING AND EXTENSION
Table 2 and Figures 62 & 63 show progressive stages in  the development 
o f  the wing imaginai d isc during stage 1. The wing pouch elongates 
d is t a l l y .  Peripodal membrane c e l ls  are squamous in  shape (width 260 pm; 
length 40 pm) in the region o f  wing pouch extension. Cell p ro l i fe ra t io n  
occurs throughout stage 1 (Figs. 79 & 83). Cells undergoing m itos is  are 
'rounded-up' and are always found a t the apex o f  the epithe lium . Spindle 
axes are predominantly oriented p a ra l le l  to the proximo-distal d isc axis 
in  the plane o f  the epidermis (F ig . 83).
As continued extension o f the wing pouch occurs, the most d is ta l  c e l ls  
o f  the disc meet a t c e l l  bases (F ig. 67). F ilopod ia l extensions p ro jec t 
from c e l l  bases. F ilopod ia l in te rd ig i t a t io n  occurs between adjacent c e l ls  
in the same epidermal layer as well as between dorsal and ventra l ce l ls  
(Fig. 80). The basement lamina is  no longer recognisable as a complete 
e n t i t y  in  th is  region. Instead, iso la ted  patches o f  e lectron lucent 
materia l occur amongst the in te rd ig i t a t in g  f i lo p o d ia  . These patches 
may represent the remains o f the basement lamina. Adjacent to ,  and 
proximal to ,  the region where in te rd ig i t a t io n  occurs, the basement lamina 
is  in ta c t .  The bases o f  c e l ls  in  these regions also possess f i lo p o d ia ,  
but these extend in to  the m atr ix  o f  the basement lamina (Fig. 84).
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A ll f i lo p o d ia  contain filamentous materia l which runs along th e i r  
lengths.
Haemocytes w ith in  the imaginai d isc lacuna often become 'trapped' 
between the two (dorsal and ve n tra l)  epidermal layers as they approach 
each other (Fig. 85). By the end o f stage 1, the epidermal layers 
have made contact along the e n t i re  length o f  the imaginai disc d is ta l  
region (now the wing b lade), except in  ce rta in  regions which are the 
pu ta tive  prepupal veins.
4 STAGE 2
The wing blade dorsal and ventra l surfaces are represented by two 
basally  connected pseudos tra ti f ied  epidermal layers (F ig. 70). The 
s p in d le - l ik e  shape o f  ind iv idu a l c e l ls  and the stacked nature o f  th e i r  
nuclei is  reta ined from stage 1. The c e l ls  are c lose ly  packed in 
regions apical to n u c le i,  but basal to n u c le i,  large in te r c e l lu la r  
spaces are apparent between adjacent c e l ls  (Fig. 85).
Many microtubules run p a ra l le l  to  the long axis o f  each c e l l  (Fig.
87). Others run p a ra l le l  to the apical surfaces o f c e l ls  (most o f  these 
l i e  around apical borders o f  the c e l ls ) .  Zonula adhaerens junctions connect 
adjacent c e l ls  (Fig. 88). M icrofilaments are also found in close assoc­
ia t io n  w ith  the zonulae adhaerentes. Like the zonulae adhaerentes, the 
m icrofilam ent bundles appear to  run r ig h t  around the perimeters o f the 
apical region o f each c e ll  (F ig. 89). They form microfilamentous ' r i n g s ' .
The dorsal and ventra l epidermal layers are connected by in te rd ig i t a t in g  
f i lo p o d ia  which protrude from epidermal c e l l  bases (F ig, 90). Micro­
tubules often run along the lengths o f f i lo p o d ia  (Fig. 91). Electron 
dense plaques o ften occur a t points where the surface membranes o f the 
la rges t f i lo p o d ia  from dorsal and ventra l layers come in to  contact 
( F i«  92).
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In two regions, lucanae separate the dorsal and ventra l epidermal 
layers. The lacunae, which are the pu ta tive  prepupal veins, are 
s itua ted  near wing margins. These lacunae contain haemocytes (Figs.
70 & 94). The nuclei w ith in  c e l ls  dorsal and ventra l to  the lucanae are 
concentrated in  the basal halves o f the c e l ls .  The c e l l  extensions apical 
to nuclei are there fore  longer than those basal to them (F ig. 93). The 
apical c e l l  extensions are narrower a t the outer surface than those in 
in te rve in  regions. F ilopodia a t c e l l  bases in te rd ig i ta te  w ith  those o f 
adjacent c e l ls .  Some basal c e l l  extensions extend around vein lacunae 
(F ig . 94).
Epidermal c e l ls  a t wing margins are wider a t th e i r  outer surfaces 
than those in  in te rve in  regions, and more c lose ly  packed a t th e i r  bases 
(Fig. 95), Large bundles o f  m icrofilaments (about 12 nm in diameter) 
in  association w ith  zonulae adhaerentes are found at c e l l  apices. Cell 
apices o f adjacent c e l ls  are h igh ly  in te rd ig i ta te d ,  and are jo ined by 
septate desmosomes (something not seen in the other epidermal c e l ls )
(F ig .  96 ) .
5 STAGE 3: WING BLADE EXPANSION AND FLATTENING
As noted above, the c h a ra c te r is t ic  features o f  th is  stage are 
dorso-ventral wing f la t te n in g  and wing surface area increase. Con­
commi ta n t ly ,  there is  a change in  the arrangement o f  the epidermal c e l ls  
as well as a change in the shape o f ind iv idua l c e l ls .  The c e l ls  no 
longer have a pseudos tra ti f ied  arrangement. Instead, epidermal c e l ls  
and th e i r  nuclei are arranged a t the same level in  a s ing le  layer (Fig.
97). Epidermal thickness is  reduced from about 230 pm (stage 2) to 
about 70 pm during stage 3, Ind iv idua l c e l ls  are columnar in  shape
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(width about 6 pm; length about 35 pm). The outer surfaces o f ea r ly  
stage 3 wings (about 24 hours a f te r  puparium formation) are smooth and 
f l a t .  Later on in  wing development the outer surfaces o f  epidermal 
c e l ls  are h igh ly  convex (except a t wing margins where they remain 
f l a t ) ,  (Figs. 98 & 99) and the c u t ic le  is  ridged. The long axes o f most 
o f  the undulations or ridges run p a ra l le l  to the proximo-d ista l wing axis 
(F ig. 100). Microtubules are abundant w ith in  the apical portions o f the 
epidermal c e l ls  (Fig. 101). Apical microtubules w ith in  c e l ls  w ith h igh ly  
convex outer surfaces are re g u la r ly  arranged. Sections cut through one 
such wing a t both lon g itu d in a l and transverse o r ie n ta t ion s  show th a t in 
most c e l ls ,  the apical microtubules run p a ra l le l  to the plane o f  the 
epidermis and a t r ig h t  angles to the proximo-distal wing axis.
The shapes o f  epidermal c e l ls  dorsal and ventra l to the prepupal 
veins are d i f fe re n t  from those in in te rve in  regions. The former c e l ls  
have basal c e l l  extensions which extend around vein lacunae and terminate 
in f i lo p o d ia  which in te rd ig i ta te  w ith  f i lo p o d ia  from c e l ls  in  the other 
epidermal layer (dorsal or ve n tra l)  (Fig. 102). These f i lo p o d ia  contain 
microtubules which run along th e i r  lengths (Fig. 103). The f la tte n ed  
bases o f dorsal and ventra l epidermal layers in  in te rve in  regions are 
connected by desmosomal plaques (Fig, 104).
Nuclei occupy centra l pos it ions in a l l  the epidermal c e l ls .  Nuclei 
have changed in  shape from spheroidal to spherical and appear to be 
la rg e r  in  size than nuclei a t e a r l ie r  stages (Figs. 105 & 106). Feulgen 
s ta in ing  ind ica tes th a t no wing c e l l  d iv is io n  is  tak ing place during 
th is  stage.
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6 STAGE 4: WING BLADE SWELLING
During wing blade sw e ll ing , the c e l l  bodies o f the dorsal and ventra l
epidermal layers become separated by up to  200 pm (Fig. 107). Cell bodies
i n i t i a l l y  remain c lose ly  juxtaposed against the overly ing  pupal c u t ic le .  
Nuclei are arranged in  a s ing le  laye r. Below each c e l l  body a long 
cytoplasmic extension, up to 90 pm long, p ro jects  in to  the wing in t e r io r  
(Fig. 108). Adjacent extensions l i e  p a ra l le l  to one another and are 
connected by th in  f i lo p o d ia  (up to  8 pm long and 0.5 pm in  diameter).
F ilopodia mainly run a t r ig h t  angles to  the c e l l  extensions. I t  is
d i f f i c u l t  to fo l lo w  ind iv idua l c e l l  extensions along th e i r  e n t ire  lengths 
since they are so th in .  This makes i t  d i f f i c u l t  to ascerta in  whether 
c e l l  extensions from the dorsal and ventra l epidermal layers meet midway 
across the wing blade, perhaps on a basement lamina, or whether they 
traverse the e n t i re  distance between the ce ll  bodies o f the two layers. 
There are ind ica tions  th a t c e l l  extensions o f dorsal and ventra l layers 
traverse the e n t i re  thickness o f the wing blade in regions o f maximum 
swelling  (Figs, 107 & 110) but th a t  c e l l  extensions o f dorsal and ventra l 
layers are connected midway across the wing blade a t wing margins (Fig. 
109). Some are connected to haemocytes or run around them (Fig. 110). 
Although tracheae, nerves and haemocytes are present w ith in  the wing 
blade, no d is t in c t  venation is  apparent.
D ire c t ly  a f te r  apolysis m i to t ic  f igu res  are apparent w ith in  the 
wing epidermis.
7 STAGE 5: RE-FLATTENING OF THE WING BLADE
Epidermal c e l ls  in  in te rv e in  regions are columnar in  shape (Figs.
111a & b). Their nuclei are arranged in  p a ra l le l  rows (Fig. 112).
Adjacent c e l ls  are anchored a t t h e i r  apices by means o f maculae 
adhaerentes desmosomes (F ig. 113). The bases o f c e l ls  in  the dorsal
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and ventra l epidermal layers are connected by zonulae adhaerentes junctions 
(Fig. 114). Between adjacent c e l l  bases, 'pockets' o f  haemolymph and 
haemocytes are often present (Figs. 115 & 116). These may represent 
regions where haemolymph has not been displaced during f la t te n in g  o f the 
wing blade. This probably accounts fo r  the c h a ra c te r is t ic  'spongy' 
appearance o f the stage 5 wing blade (Fig. 112).
Epidermal c e l ls  th a t are immediately dorsal and ventra l to the 
pupal veins are columnar in  shape and narrower than those in in te rve in  
regions (Fig. 117) (about 5 pm wide). Many microtubules run p a ra l le l  to 
the long axis o f these c e l ls .  F ilopod ia l extensions connect adjacent 
ce l l  bases and zonulae adhaerentes junctions anchor c e l l  apices. Micro­
tubules run along the lengths o f  the f i lo p o d ia  (F ig. 118).
The c e l ls  o f  the wing margin where b r is t le s  occur are arranged in  a 
pseudostra tif ied  epidermal la ye r ,  un like  the c e l ls  o f the remainder o f 
the epidermis which are arranged in a s ing le  layer (F ig. 119). This is  
probably due to the inc lus ion  o f  add it iona l c e l ls  associated w ith b r is t le  
development.
8 CUTICULAR DIFFERENTIATION
The mitoses which occur immediately p r io r  to re - f la t te n in g  o f the 
b i la y e r  are probably associated w ith  c u t ic u la r  d i f fe re n t ia t io n .  In 
C. erythrocephala c u t ic u la r  d i f fe re n t ia t io n  includes the production o f a 
double row o f trichomes along the p o s te r io r  wing margin, several types o f  
b r is t le s  along the a n te r io r  (co s ta l)  margin and rows o f trichomes over the 
remainder o f  the wing blade (Sprey & Oldenhave, 1974) ( F ig .76). The development 
o f  b r is t le s  and ha irs  in  C. erythrocephala has not been prev ious ly  studied 
a t the u l t ra s t ru c tu ra l  le v e l .
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(a) Trichomes
The surface o f  the wing blade is  covered by evenly spaced trichomes 
which usually  have a cen tre -to -cen tre  spacing o f  about 12 pm (Fig. 120). 
Since c e l ls  dorsal and ventra l to  veins are narrower than in te rve in  c e l ls ,  
adjacent trichomes are packed c loser together over veins than they are in 
in te rve in  regions (Fig. 121).
Each trichome is  an outgrowth from a s ing le  epidermal c e l l  (Fig.
122). During th e i r  ea r ly  development, large bundles o f  microfilamentous 
materia l are seen a t trichome bases and margins. Microtubules are found 
in  association w ith  the m icrofilam ent bundles. Both microtubules and 
microfilaments are oriented lo n g i tu d in a l ly  w ith respect to  trichome ou t­
growth (Fig. 122).
(b) B r is t le s
The DMA content o f the b r is t le  sha ft (tr ichogen) c e l l  nuclei is  
increased above the normal d ip lo id  amount (Peters, 1965) and th is  is  
re f le c te d  in the increased nuclear diameter (12.0 pm), as compared w ith 
the other epidermal c e l l  nuclei (6.0 pm) (Fig. 123). Early in  b r is t le  
development, lo n g i tu d in a l ly  oriented microtubules and m icrofilaments are 
found in  the regions ju s t  apical to the nuclei o f  b r is t le  shaft c e l ls .  
Subsequently, bundles o f  m icrofilaments extend in to  the b r is t le  sha ft.
The m icrofilaments are grouped in to  bundles o f  c h a ra c te r is t ic  shape and 
size (Fig. 124). The bundles are spaced a t in te rva ls  o f  400 nm.
Inside the sh a ft ,  microtubules and microfilaments predominate whereas 
other organelles are sparse. La ter, during c u t ic le  secre tion , long itud ina l 
c u t ic u la r  ridges are formed by ce rta in  b r is t le s  (Fig. 125). Not a l l  
b r is t le s  form c u t ic u la r  r idges. The ridged b r is t le s  are concentrated 
along the proximal po rtion  o f  the a n te r io r  wing margin (Sprey & Oldenhave, 
1974) (F ig. 126).
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9 STAGE 7: CELL BODY SEPARATION AND THE FINAL FLATTENING AND
EXPANSION OF THE WING BLADE
The wing blade l ie s  fo lded in  a c h a ra c te r is t ic  manner w ith in  the 
pupal c u t ic le  (Fig, 75). Epidermal c e l l  bodies are squamous in shape 
(F ig. 127) (lengths about 5 pm; widths about 10 pm) un like  the columnar 
c e l ls  c h a ra c te r is t ic  o f  stages 5 and 6.
Adjacent c e l ls  are held together by means o f  a p ic a l ly  s itua ted  
zonulae adhaerens junc t ions  and la te r a l l y  s itua ted  septate desmosomes 
(Fig. 128). Cell bodies o f the dorsal and ventra l epidermal layers are 
separated by a distance o f  about 20 pm. The basal ex trem it ies  o f the 
epidermal c e l ls  from both dorsal and ventra l layers are extended in to  a 
complicated series o f th in  cytoplasmic processes which run across the 
in te rna l portion  o f the wing blade which is  f i l l e d  w ith  haemolymph 
(Fig. 127), The c e l ls  contain numerous bundles o f microtubules about 
24 nm in diameter which extend along the in te r io r s  o f the cytoplasmic 
extensions (Fig. 129). At the basal borders o f  the c e l ls ,  c e l ls  from 
dorsal and ventra l layers are connected by means o f  a three-layered 
in te r c e l lu la r  cementing materia l (F ig. 130).
The c e l ls  o f  proximal and d is ta l  wing margins are arranged as a 
pseudostra ti f ied  epidermis (Figs. 131 & 132) un like  the c e l ls  o f  the 
re s t o f the wing which are arranged in  a s ing le  laye r. This is  
corre la ted  w ith  the inc lus ion  o f  add it iona l ce l ls  associated with 
c u t ic u la r  d i f fe re n t ia t io n  a t the wing margins. Adjacent c e l ls  a t wing 
margins are connected by numerous in te rd ig i ta t io n s  and f i lo p o d ia .
Cells dorsal and ventra l to  veins also have a d i f fe re n t  cyto- 
a rch itec tu re . These c e l ls  are narrower than those in in te rve in  regions
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(about 8 jjiïi wide and 16 [urn long). Adjacent c e l ls  are attached at th e i r  
bases by means o f in te r d ig i t a t in g  f i lo p o d ia  (Fig. 133), and a t th e i r  
apices by c e l l  in te rd ig i ta t io n s  and septate desmosomes.
In in te rve in  c e l ls ,  microtubules run p a ra l le l  to  outer c e l l  surfaces 
in a d ire c t io n  which is  p a ra l le l  to the proximo-distal wing axis (Fig. 
134). This is  a reversal o f  the o r ie n ta t io n  o f the a p ic a l ly  s itua ted  
microtubules observed in  e p i th e l ia l  c e l ls  during stage 3.
DISCUSSION
THE CELL SHAPE AND CONTACT RITUAL - AN OVERVIEW
This analysis o f wing growth and shaping reveals the extraord inary 
and complex sequence o f changes th a t ind iv idua l epidermal c e l ls  undertake 
as the wing pouch o f an imaginai d isc is  modelled in to  a mature wing 
blade. For example, c e l l  bodies are apparently drawn together by the 
in te ra c t io n  o f f i lo p o d ia  th a t extend from c e l ls  o f  the pu ta tive  dorsal 
and ventra l surfaces to create a b i la y e r .  The long spindle-shaped 
c e l ls  then shorten, but subsequently re-elongate separating opposing 
c e l l  bodies, only to shorten again la te r .  Following th is ,  c e l l  bodies 
o f  opposite layers again separate and subsequently f la t te n  to adopt a 
squamous shape. Construction and re-modelling o f cytoske leta l a rrays, 
s p e c if ic  deployments o f  desmosomes, f i lo p o d ia  and ce r ta in  other c e l l  
junct ions and c e l l  extensions are spa tio -tem pora lly  co rre la ted  w ith  th is  
sequence. The d ipteran wing epidermis r i t u a l  is  more complex and 
sophis tica ted than any prev ious ly  described fo r  t issue development. I t  
h ig h l ig h ts  the importance o f  spatio-temporal contro l o f  cytoske leta l 
arrays fo r  shape sp e c if ic a t io n  a t both c e l l  and tissue  leve ls .
1 BI LAYER FORMATION
The f i r s t  step in the metamorphosis o f wing discs is  'é va g in a t io n '.
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This involves a change in the shape o f a rounded form, the wing pouch, 
to an elongate and f la t te n e d  form, the wing blade. These changes also 
include the formation o f  a f la t te n e d  epidermal b i la y e r .  U lt ra s tru c tu ra l 
observations suggest th a t the b i la y e r  may be created by means o f 
f i lo p o d ia l  extensions from the bases o f epidermal c e l ls  which in te r tw in e . 
The fa c t  tha t the f i lo p o d ia  contain microfilamentous materia l is  
s ig n i f ic a n t .  M icrofilaments might push out surface extensions from 
e p i th e l ia l  c e l l  bases to  produce f i lo p o d ia  as well as promoting 
f i lo p o d ia l  shortening. M icrofilaments are involved in  force generation 
during some types o f  c e l l  extension and may also be involved in the 
elongation o f  some types o f  c e l ls  (Yamada, e t a l . ,  1971; Bunge, 1973; 
Clarke & Spudich, 1977; Tucker, 1979). The process o f  creating a 
b i la y e r  appears to be akin to 'fas ten ing  a z ip p e r ' .  Perhaps m ic ro f i la ­
ment bundles w ith in  entwined f i lo p o d ia  contract to  draw epidermal c e l l  
bases together. The fa c t  th a t ce r ta in  substances which bind to ce l l  
surfaces ( fo r  example, Concanavalin A) in h ib i t  Drosophila imaginai 
d isc 'évag ina tion ' (Mandaron, 1974; Fekete e t a l . ,  1975), is  cons is t­
ent w ith th is  suggestion because these substances a l t e r  m icrofilament 
deployment and c e l l  surface adhesion properties .
Other insect epidermal c e l ls  develop c o n tra c t i le  c e l l  extensions 
or ' f e e t '  which are s im i la r  in  appearance to the f i lo p o d ia  observed in 
C. erythrocephala wings (Locke & Huie, 1981 a, b; Tucker, 1981). 
F ilopodia also occur in  many other embryonic s itu a t ion s  where th e i r  
con trac tion  appears to a ss is t  shape changes, fo r  example, during 
neuru la tion and g as tru la t io n  (see Baker & Schroeder, 1967; T re ls tad ,
Hay & Revel, 1967; T ilney & Gibbins, 1969; Revel & Brown, 1976).
During the process o f b i la y e r  formation, the basement lamina
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becomes fragmented. There is  a p o s s ib i l i t y  th a t haemocytes are 
concerned w ith  the fragmentation o f  the basement lamina. Haemocytes 
become 'trapped' between the epidermal layers during b i la y e r  formation. 
The u lt ra s t ru c tu re  o f the haemocytes is  s im ila r  to th a t o f  the F -ce ll 
type haemocyte which is  concerned w ith  phagocytosis in  C. erythrocephala 
(Crossley, 1964). Phagocytosed basement lamina materia l has been 
observed w ith in  haemocytes o f C. erythrocephala leg discs a t a s im ila r  
stage in development (Van Ruiten & Sprey, 1973),
2 PSEUDOSTRATIFICATION AND INTERKINETIC NUCLEAR MIGRATION
During b i la ye r  formation, the developing imaginai wing disc 
epidermal c e l ls  d iv ide  m i to t i c a l l y  and e x h ib i t  in te rk in e t ic  nuclear 
m igration which resu lts  in  the accumulation o f m i to t ic  f igu res a t the 
epidermal surface. This also re su lts  in  the production o f  a pseudo­
s t r a t i f i e d  epidermis which is  an important p re lim inary  to a phase o f 
epidermal f la t te n in g  and expansion. Many other embryonic e p ith e l ia  
e x h ib i t  in te rk in e t ic  nuclear m igration ( I.N .M .) (Sauer, 1936; Sauer 
& Walker, 1959; Fu ji ta ,  1960; Langman, Guerrant & Freeman, 1966; 
Karfunkel, 1974; Messier, 1978; Nagele & Lee, 1979). Developing 
leg discs also e x h ib i t  th is  phenomenon (Sprey, 1970; Van Ruiten &
Sprey, 1973; Madhaven & Schneiderman, 1977). The process is  thought to 
invo lve severing o f the basal contact w ith  the basement membrane, loss 
o f microtubules in the c e l l  extensions, re laxa tion  o f  apical micro­
fi lam ents and the m igration o f nuclei to an apical pos it ion  (Langman, 
Guerrant & Freeman, 1966; Nagele & Lee, 1979). A s im i la r  process 
may be operating in  the wing d isc because the nuclei o f  m i to t ic  c e l ls  
are in an apical p o s it io n , basal c e l l  extensions appear to  be lo s t ,  
cytoplasmic bridges are always a p ic a l ,  and in some regions portions o f  
the cytoplasm appear to have been forced past the c e l l  apex and bulge
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outwards forming a b le b - l ik e  s tru c tu re .  The la t t e r  fea ture  has been 
observed in another t issue  e x h ib i t in g  I.N.M. (Nagele & Lee, 1979).
These authors suggest th a t  a higher cytoplasmic v is c o s i ty  together w ith 
nuclear movement during I.N.M. may cause the 'b lebs ' o f  cytoplasm at 
c e l l  apices in  developing chick neuroepithelium. The 'b lebs ' are 
probably not a r te fa c ts .  Wings a t growth stages 1 and 3 were f ixed  
together. 'B lebbing' is  on ly apparent a t stage 1 when I.N.M. seems 
to be occurring but not a t stage 3 when there is  no evidence fo r  
I.N.M.
3 CHANGES IN CELL SHAPE AND CYTOSKELETAL ORGANISATION DURING
INITIAL WING BLADE FLATTENING
The expansion and f la t te n in g  o f the wing blade observed during 
stage 3 involves changes in epidermal c e l l  shaping. The arrangement 
o f  c e l ls  in to  a pseudos tra ti f ied  ep ithe lium  during stages 1 and 2 
ensures the i n i t i a l  packing o f large numbers o f c e l ls  beneath a 
r e la t iv e ly  small w ing-surface area. These c e l ls  and th e i r  nuclei a l l  
become s itua ted  a t one leve l so th a t the surface area o f the wing increases, 
As th is  takes place the c e l ls  shorten. The long spindle shape o f c e l ls  
changes to a shorte r columnar shape w ith  no marked change in c e l l  volume 
so th a t the epidermis decreases in thickness as i t s  surface area 
increases ( i . e .  i t  f la t te n s  o u t) .
The c e l lu la r  mechanisms most l i k e l y  to be involved in  these processes 
are in te r c e l lu la r  in te rac t io n s  invo lv ing  surface properties  o f c e l ls ,  
espec ia lly  d i f fe r e n t ia l  adhesiveness (Steinberg, 1970) and forces generated 
by in te r c e l lu la r  organelles espec ia lly  microtubules and microfilaments 
(Byers & Porte r, 1964; Cloney, 1966; Gibbins, T ilney & Porte r, 1969; 
Beinbrech, 1970; Wrenn & Wessels, 1970; Spooner & Wessels, 1972;
Messier, 1978; Tucker, 1979). In the wing blade, the specia lised apical
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attachment devices o f  adjacent c e l ls ,  the zonulae adhaerentes, could 
ensure the adhesion o f  a l l  c e l ls  in  the epidermis and f a c i l i t a t e  
spatio-mechanical in te g ra t io n  o f  shape changes in ind iv idua l ce l ls ,  or 
groups o f c e l ls ,w h i le  the shape o f the epidermis changes.
Microtubules w ith in  e p i th e l ia l  c e l l  extensions may serve to maintain 
the c e l lu la r  anisometry o f  the spindle-shaped c e l ls  observed during 
stages 1 and 2. Cytoplasmic microtubules are often involved in mainten­
ance o f c e l lu la r  anisometry (Byers & Porte r, 1964; T i lney , 1968;
Behnke, 1971; Tucker, 1979). In add it ion  to th e i r  ro le  in  maintenance 
o f c e l lu la r  anisometry, the m icrotubulesw ith in  c e l l  extensions could 
also be responsible fo r  the apical pos it ions o f nuclei during stage 2. 
Nuclei are more a p ic a l ly  posit ioned w ith in  the ep ithe lium  during stage 
2 than during stage 1 where they are usually  more basa lly  posit ioned. 
Microtubules have prev ious ly  been implicated in  nuclear m igration 
(Holmes & Choppin, 1968; Zwaan, Bryant & Pearce, 1969; Northcote,
1971; Messier, 1978; Nagele & Lee, 1979). Nuclear m igration w ith in  
spindle-shaped c e l ls  to broaden the apical region o f each c e l l ,  and 
increase the wing blade surface area may perhaps be prevented during 
stage 2 by the m icrofilament ' r in g s '  which enc irc le  and c o n s tr ic t  the 
apical surface o f each c e ll  (as occurs during neuru la tion (Messier, 
1978)). Fragmentation o f these microfilaments might re lax  the apical 
co n s tr ic t io n  and perhaps enable nuclear migration to proceed u n t i l  a l l  
nuclei are arranged in to  one laye r. I f  the microtubules were to 
fragment th e re a f te r ,  assuming th a t they are responsible fo r  the mainten­
ance o f c e l lu la r  anisometry, the cytoplasm o f c e l l  extensions would 
re t ra c t  in to  c e l l  bodies, causing a reduction in c e l l  length ie .  c e l l  
f la t te n in g .  The b i la y e r  would be preserved since c e l ls  o f both layers 
in te rd ig i ta te  a t th e i r  bases, or are connected by desmosomes. As in
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Drosophila (Waddington, 1941), c e l l  f la t te n in g  and wing expansion are 
f a i r l y  rapid events. This is  consis ten t w ith  an ove ra l l  breakdown o f 
microtubules in the epidermal c e l ls .  There are many microtubules 
oriented along the long axes o f c e l ls  during stage 2 when ce l ls  are 
elongated, and none in the long axes o f  c e l ls  during stage 3 when c e l ls  
have f la t te n e d .
The s i tu a t io n  is  fu r th e r  complicated by the fa c t  th a t  by the end o f 
stage 3, wing length has increased (since stage 2) by a fa c to r  o f  2 while 
the width has increased by a fa c to r  o f  1.5 i . e .  expansion is  somewhat 
anisometric. During c e l l  f l a t te n in g ,  microtubules become oriented 
p a ra l le l  to the plane o f the epidermis and a t r ig h t  angles to the proximo- 
d is ta l  wing ax is . I t  is  possible th a t these m icrotubules, by the 
nature o f  th e i r  o r ie n ta t io n ,  may r e s t r i c t  an increase in c e l l  width but 
a llow un res tr ic ted  c e l l  elongation in  a d ire c t io n  p a ra l le l  to the long 
axis o f  the wing. The m a jo r i ty  o f  c e l ls  are s l ig h t l y  longer in th is  
d ire c t io n  (Fig. 100). The c u t ic le  ridges which are subsequently 
deposited run p a ra l le l  to the long axis o f  the wing. These ridges 
probably serve to  re - in fo rc e  and maintain the elongate c e l l  shape.
4 CHANGES IN WING SHAPE DURING WING BLADE SWELLING
Pronounced swelling occurs during stage 4. Wing blade swelling 
has been observed during a s im i la r  phase o f development in  other insects 
(Sch lu ter, 1933; Hundertmark, 1936; Waddington, 1941). The swelling  
process appears to go much fu r th e r  in  Drosophila and Gal 1iphora than 
i t  does in Tenebrio or Habrobracon. I t  has been suggested th a t 
hydros ta t ic  pressure is  responsible fo r  wing blade swelling  (Robertson, 
1936; Bodenstein, 1950; Waddington, 1941; Mandaron, 1971). At the 
beginning o f  stage 4, the head o f  the organism is  everted. The eversion 
is  achieved by muscular action which creates hydros ta t ic  pressure w ith in
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the haemolymph. Since insects have an open blood system, i t  is  possible 
th a t th is  hyd ros ta t ic  pressure could be transm itted throughout the 
haemocoele inc lud ing  th a t w ith in  the wing blades. The pressure created 
may force the epidermal layers apart. I t  is  s ig n i f ic a n t  th a t in 
Cal1iphora the legs also become swollen a t th is  time (personal observation)
Although wing blade sw elling  is  somewhat su rp r is ing  a t th is  stage in 
wing development,since a f la t te n e d  b la de - l ike  s truc tu re  s im i la r  in  shape 
to the adu lt wing is  created p r io r  to sw e ll ing , i t  does have ce rta in  
advantages. Swelling stretches the pupal c u t ic le .  Apolysis occurs 
when swelling  is  most pronounced. When re - f la t te n in g  takes place during 
stage 5, a space is  created between pupal c u t ic le  and wing blade. This 
space may be o f value when fu r th e r  f la t te n in g  and surface area increase 
occur during stage 7 because i t  can accommodate the b lade-fo lds which 
form during the f in a l  phase o f expansion in  wing area. Furthermore, 
the separation o f  dorsal and ventra l epidermal layers would f a c i l i t a t e  
tracheo la r m igration so th a t the pupal veins can be formed. These are 
qu ite  d is t in c t  in  number and po s it io n  from those o f the prepupal veins.
The process would be more d i f f i c u l t  i f  dorsal and ventra l epidermal 
layers had a compact arrangement l ik e  th a t during stage 3.
5 SECOND PHASE OF WING BLADE FLATTENING
Wing blade f la t te n in g  occurs fo r  a second time during stage 5 o f 
wing morphogenesis. I t  fo l low s blade swelling which occurs during 
stage 4. F la tten ing  may be in i t i a t e d  by shortening o r contraction  
o f  the long c e l l  extensions present a t the end o f stage 4. Perhaps 
the f la t te n in g  process is  s im i la r  to th a t which occurs during f la t te n in g  
between stages 2 and 3 (see above). Microtubule breakdown might be 
involved during stage 5 epidermal c e l l  shortening. Some c o n tra c t i le  
procedure must also presumably be involved to expel haemolymph from
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the swollen blade as i t  f la t te n s .
6 FINAL FLATTENING AND EXPANSION OF THE WING BLADE
During stage 7 the c e l l  bodies o f  the two epidermal layers once 
again become separated. However, in  th is  case separation accompanies 
a f la t te n in g  o f  c e l l  bodies as the blade increases in  surface area 
fo r  a f in a l  time. The lo n g i tu d in a l ly  oriented microtubules w ith in  
c e l l  extensions a t th is  stage probably help to form, and maintain, the 
c e l l  extensions th a t appear to hold the two epidermal layers apart.
The ro le  o f microtubules in  the formation (Renaud & S w if t ,  1964;
T ilney & Porter, 1967) and maintenance (Tucker, 1979) o f  elongate ce l l  
processesis well documented and they may play a s im ila r  ro le  in  th is  case.
The function o f the c e l l  extensions and th e i r  accompanying desmosomes 
is  probably to hold the two surfaces o f  the wing together during expansion. 
S im ila r  extensions and desmosomes have been observed in  wings o f  
Drosophila (Robertson, 1936; Mandaron, 1970; Fristrom & Fris trom , 1975; 
Edwards, M ilner & Chen, 1978) o f  L u c i l ia  (Seligman, F i ls h ie ,  Doy &
Crossley, 1975) and o f  ce rta in  aphids (White & Gregory, 1972) during 
the same or a s im i la r  developmental stage. I t  is  in te re s t in g  to note 
in the case o f  aphids, th a t although they e x h ib i t  hemimetabolous development 
(the wings develop d i r e c t ly  from the embryonic buds not from imaginai 
d iscs) s im i la r  c e l lu la r  deployments to those u t i l i s e d  by holometabolous 
insects are used to  achieve wing expansion p r io r  to eclos ion.
Another ro le  o f  c e l l  extensions during th is  stage in wing develop­
ment may be to  separate c e l l  bodies in  order to form channels through 
which a i r  can be pumped a t eclosion in order to  unfurl the wing.
7 VENATION
From studies o f  Drosophila pupal wings a t c r i t i c a l  developmental
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stages, i t  has been suggested th a t c e l ls  on the dorsal surface may induce 
vein formation in the underlying ventra l c e l ls  (Lees, 1941; Garcia- 
B e l l id o ,  1975, 1977; F a u s to -S t ir l in g ,  1978). Garc ia -Bell ido  (1977), 
suggests th a t vein determination is  a 2-step process. The approximate 
loca t ion  o f the veins is  f i r s t  la id  down autonomously on both wing 
surfaces (Sprey & Oldenhave, 1974). However, the
f in a l  loca t ion  is  determined by in te rac t io ns  between dorsal and ventra l 
surfaces because the c e l ls  o f  the ventra l wing surface e x h ib i t  non- 
autonomous behaviour w ith  respect to  vein formation. This led Garcia- 
Bel l id o ,  (1977) to conclude th a t the forces involved in wing f la t te n in g  
and vein formation are probably supracel1u la r and represent the sum 
o f ind iv idua l c e l l  forces. The in te r c e l lu la r  adhesions and c e l l  
extensions observed in my examinations may be important in  th is  context.
8 OTHER FACTORS INFLUENCING WING SHAPE
The f in a l  wing shape is  l i k e l y  to be the consequence o f the 
combined action o f  a number o f  procedures: oriented c e l l  d iv is io n
(Waddington, 1941; Stumpf, 1956), narrowing o f  vein-form ing c e l ls  
(Waddington, 1941), c e l l  re-arrangement (Fristrom & Fris trom , 1975; 
Fris trom , 1976; Siegal & Fris trom , 1978; Fris trom , Fekete &
Fris trom , 1981), and c e l l  death (Whitten, 1969) as well as events 
discussed above. Evidence from th is  study suggests th a t  f in a l  overa ll 
shape is  p a r t ia l l y  achieved as ea r ly  as stage 2 when pu ta tive  prepupal 
veins are formed. Groups o f  c e l ls  a t wing margins and in pos it ions 
dorsal and ventra l to vein-form ing lacunae become d i f fe re n t ia te d  by 
v i r tu e  o f size and shape from the re s t o f  the epidermis. The cumulative 
e f fe c t  o f  such ea r ly  loca l morphological changes (which are re s t r ic te d  
to s p e c if ic  wing regions) during the subsequent f la t te n in g ,  expansion, 
and re - f la t te n in g  o f the wing blade could a f fe c t  the f in a l  wing shape.
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S im ila r ly ,  the formation o f  the pupal veins during stage 5 appears to 
con tr ibu te  to f in a l  wing shape. Cells which form veins are narrower, 
e longate, and more c lose ly  packed than those in the remainder o f  the 
wing blade which are f la t te n e d .
This analysis also shows tha t during the second phase o f wing blade 
f la t te n in g  (a t stage 5) epidermal c e l ls  become arranged in p a ra l le l  rows 
This arrangement is  un like  th a t observed during stage 3 (before swelling 
occurs). Perhaps a f te r  apo lys is , h igh ly  ordered contrac tion  o f the 
c e l l  extensions and f i lo p o d ia  which are present occurs. This might 
displace c e l ls  s l ig h t l y  and re s u l t  in  the arrangement o f  c e l ls  in to  
p a ra l le l  rows. Cell re-arrangement has been proposed to  explain the 
generation o f anisometric wing shape in Drosophila (Fristrom & Fris trom , 
1975; Siegal & Fris trom , 1978; Fris trom , Fekete & Fris trom , 1981). 
However, no d ire c t  evidence about how c e l l  re-arrangement might be 
achieved and co-ordinated has been obtained in  th is  study or those on 
Drosophila. I f  re-arrangement does occur, then some c o n tra c t i le  
procedure must presumably be involved. Extensive c e l l  m igration in 
Drosophila is  u n l ik e ly  because c lo n a l ly  re la ted  c e l ls  maintain close 
p rox im ity  and form d iscre te  clonal groups tha t are ‘ uninterrupted* by 
the presence o f other c e l ls  throughout wing blade morphogenesis 
(Bryant & Schneiderman, 1969; Bryant, 1970).
9 CUTICULAR DIFFERENTIATION
As in other insec ts , microtubules and m icrofilaments are involved 
in  the shape production o f  ha irs and b r is t le s  (Lawrence, 1966, fo r  
Oncopeltus; Overton, 1967, Perry, 1968, and Reed, Murphy & Fris trom , 
1975 fo r  Drosophila;and Locke, 1969 fo r  Calpodes e th l iu s ). The 
c y to s k e le ta l ly  associated c e l l  shape change a c t i v i t ie s  associated w ith  
h a ir  and b r is t le  formation are add it iona l to a l l  those concerned w ith
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ce ll  body shaping and are not involved in overa ll contro l o f  wing 
shape. However, th is  i l l u s t r a te s  the v e rs a t i le  nature o f  the wing 
e p i th e l ia l  c e l ls  and also the wide usage o f microtubules and micro­
fi lam ents in c e l l  shape changes.
10 THE FATE OF THE PERIPODIAL MEMBRANE
No peripod ia l membrane was detected around the wing blade during 
or a f te r  the s ta r t  o f  stage 2. Some inves t iga to rs  maintain th a t the 
peripod ia l membrane is  shed (Poodry & Schneiderman, 1970; Ursprung,
1972; M ilne r, 1977). I n  a d d i+ io n , the wing emerges from the 
peripod ia l 'sac' in a proxim o-d ista l d ire c t io n  through the widening 
lumen o f  the pedicel or s ta lk  which jo in s  the d isc to the la rva l 
epidermis (Mandaron & G u ille rm et, 1977; Schneiderman, 1975). The 
l a t t e r  theory is  not consis ten t w ith  observations in  th is  study since 
the d ire c t io n  o f  wing outgrowth is  in  the opposite d ire c t io n  from the 
loca t ion  o f  the external opening o f the lumen. I t  has also been 
suggested th a t the peripod ia l membrane is  torn open along a pre-determined 
l in e ,  (Sprey, 1970 ; Sprey & Oldenhave, 1974) is  spread la t e r a l l y ,  
and then fuses w ith  the la rva l hypodermis (Sprey & Oldenhave, 1974).
Those authors who agree th a t the peripod ia l membrane is  not shed, believe 
th a t the peripod ia l membrane is  maintained and comprises as anlagen o f 
adu lt  s truc tu res (Sprey & Oldenhave, 1974; Mandaron & Gu ille rm et, 1977). 
In s u f f ic ie n t  evidence has been obtained in  th is  study to substantia te  
e i th e r  argument.
11 WING SHAPE CONTROL IN DROSOPHILA AND CALLIPHORA - A COMPARISON
Waddington's (1941) study o f  Drosophila wing development is  the
most complete published overa ll descr ip t ion  o f  d ipteran wing morpho­
genesis to date. I t  shows th a t Drosophila wing development involves 
a series o f  gross morphological shape changes th a t occur in  conjunction
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with a complex sequence o f c e l l  shape changes. Examination o f 
Calliphora wing development ( th is  study) has revealed th a t  the sequence 
o f epidermal c e l l  shape changes is  v i r t u a l l y  ide n t ica l to th a t described 
fo r  Drosophila by Waddington. Certain add it iona l d e ta i ls  o f  the 
developmental morphology o f  Drosophila wing discs have emerged since 
1941 (reviewed by Poodry, 1980). C e l lu la r  events in  Drosophila wings 
during the prepupal period have been examined in some d e ta i l .  These
complement what has been reported above fo r  C. erythrocephala. For
example, a change in c e l l  shape, from t a l l  columnar to low columnar 
( ie .  c e l l  f la t te n in g )  is  a feature  o f  wing pouch extension in  Drosophila 
(Auerbach, 1936; Fekete e t a l . ,  1975; Poodry & Schneiderman, 1971; 
Fristrom & Fris trom , 1975). This also occurs in Cal1iphora (V ijve rberg , 
1974a; th is  study).
Only selected events o f metamorphosing Drosophila wing discs have 
been studied a t the u l t ra s t ru c tu ra l  le v e l .  These reveal s im i la r i t ie s  
between Drosophila and Calliphora wing development th a t are as fo l low s . 
Microtubules which are o riented along the lengths o f  epidermal c e l ls  
are conspicuous in la rva l wing discs (Wehman, 1969). As 'évag ina tion ' 
proceeds, microtubules become re s t r ic te d  to  c e l l  apices (Fristrom & 
Fris trom , 1975). Another set o f  microtubules a t a d i f fe re n t  o r ie n ta t io n  
becomes apparent a t a la te r  p o in t.  These are aligned p a ra l le l  to c e l l  
surfaces (Wehman, 1969; Fristrom & Fris trom , 1975) and are associated 
w ith  zonula adhaerens jun c t io n s . Wing e p i th e l ia l  c e l ls  o f  ' f u l l y  
evaginated' discs are drawn out in to  cytoplasmic extensions which contain 
lo n g i tu d in a l ly  aligned microtubules (Fristrom & Fris trom , 1975; Edwards, 
M ilner & Chen, 1978). Wehman (1969) observed f i lo p o d ia  close to the 
basement lamina during prepupal stages o f wing development. Hence f in e  
s tru c tu ra l  changes in c e l l  shaping are probably very s im i la r  in  Drosophila
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and Cal 1 iphora during wing morphogenesis. However, a de ta iled  account 
o f  the complete f in e  s tru c tu ra l sequence tha t is  re la ted  to overa ll 
changes in epidermal shaping is  not ye t ava ilab le  fo r  Drosophila.
Studies o f  Drosophila wing development have been fa c i l i t a t e d  by the 
advent o f techniques to cu ltu re  metamorphosing discs in v i t r o  (see 
Ashburner & Wright, 1980). The advantage o f in v i t r o  study is th a t 
metamorphosing discs can be subjected to  experimental analys is . 
Experiments using 'cy toske le ta l poisons' complement the theories proposed 
in th is  study fo r  wing pouch f la t te n in g  and extension. They provide 
support fo r  suggestions tha t microfilament-mediated c o n t r a c t i l i t y  and 
microtubule depolymerisation are necessary. Treatments w ith  microtubule 
poisons, such as co lch ic ine  and colcemid, a t concentrations which cause 
microtubule depolymerisation do not i n h ib i t  évagination (Fris trom , 1972; 
Siegal & Fris trom , 1978). In con tras t,  treatment w ith deuterium oxide 
which promotes microtubule po lym erisation , in h ib i t s  évagination. The 
discs o f a mutant w ith  abnormally large microtubule numbers/epidermal 
c e l l  also f a i l  to evaginate, unless colcemid is  applied (Fris trom , Fekete 
& Fris trom , 1981). Treatment w ith  cytochalasin B (which d isrupts  
c o n tra c t i le  microfilamentous arrays) re ve rs ib ly  in h ib i t s  'évag ina tion ' 
(F ris trom , 1972; Fekete e t a l . ,  1975; Fristrom & Fris trom , 1975). I f  
'évag ina tion ' is  dependent on microfilament-mediated c o n t r a c t i l i t y  as 
suggested, the e f fe c t  o f  cytochalasin B on 'evag ina ting ' wing discs is  
not su rp r is ing .
72
CHAPTER 5 
MICRQNUCLEAR ELONGATION IN THE CILIATES 
PARAMECIUM PRIMAURELIA AND PARAMECIUM TETRAURELIA
INTRODUCTION
A common example o f  microtubule-associated c e l l  shape change is  tha t 
o f  c e l l  e longation. A dramatic example o f elongation ins ide a membrane- 
bound 'con ta ine r ' is  provided by the d iv id in g  c i l i a t e  micronucleus. The 
nuclear envelope remains in ta c t  throughout micronuclear e longation. The 
vast increase in micronuclear surface area is  accompanied by the elonga­
t io n  o f an in te rna l microtubule bundle ca lled  a separation spindle. I t  
has been suggested, on the basis o f  u l t ra s t ru c tu ra l  observations, th a t the 
elongation o f  the microtubule bundle is  responsible fo r  micronuclear 
elongation ( fo r  example. Tucker, 1967; Davidson & LaFountain, 1976). 
Paramecium is  p a r t ic u la r ly  in te re s t in g  in  tha t microtubules in the 
e longating micronucleus have abnormally large diameters (Tucker, 1979; 
Cohen, Beisson & Tucker, 1980). Certain stages o f separation spindle 
elongation have been examined fo r  a v a r ie ty  o f  c i l iâ te s  by other 
inves t iga to rs  (Jurand & Selman, 1969; Stevenson & Lloyd, 1972; Hauser, 
1972; Inaba & Kudo, 1972; Lewis, Witkus & Vernon, 1976; Wolfe, Hunter 
& St. Ada ir, 1976; Karadzhan & Raikov, 1977; and see Heath, 1980). 
However, these include remarkably few assessments o f  spindle lengths and 
microtubule diameters a t d i f fe re n t  loca tions in spindles during d i f fe re n t  
stages o f  e longation. The p o s s ib i l i t y  th a t there are s tru c tu ra l 
d if fe rences between microtubules a t d i f fe re n t  locations in  these spindles 
o r s tru c tu ra l changes in spindle microtubules during the course o f 
d iv is io n  cannot be discounted. This chapter deals in  d e ta i l  w ith  these 
issues fo r  two species in the Paramecium au re lia  s ib l ing -spec ies  complex 
(Sonneborn, 1975).
73
RESULTS
1 PARAMECIUM TETRAURELIA
(a) Metaphase
The metaphase micronucleus is  spheroidal in  shape (about 4.7 pm in 
length and about 4.1 pm in  equatoria l d iameter)(F ig . 135). There are 
many in tranuc lear microtubules (19 - 24 nm in diameter). As in other 
c i l iâ te s  they form a f a i r l y  ty p ic a l  m i to t ic  spindle a t th is  stage.
Most microtubules run p a ra l le l  to the long itud ina l axis o f  the nucleus 
although some others are oriented a t r ig h t  angles to th is  ax is . Figure 
135 shows the d is t r ib u t io n  o f  chromatin and microtubules a t metaphase.
Some o f the tubules are probably attached to kinetochores; they are 
associated w ith  chromatin (Fig. 136). Other microtubules terminate a t 
the poles amongst f in e ly  f ib rous  osm ioph il ic  materia l or a t  the nuclear 
envelope (Figs. 137 & 138),
(b) Early separation spindle
A fte r  metaphase the micronucleus elongates to form a dumbell-shaped 
s tru c tu re . Chromatin is  concentrated in  the two 'te rm ina l knobs' which 
are jo ined by a more slender port ion  o f  the nucleus th a t contains the 
separation spindle.
When the post-metaphase elongation begins a w e ll-de f ined  separation 
spindle has formed. The micronuclear length has increased to about 
15 pm. Concommitantly the diameter o f  the micronucleus has decreased 
to about 2.3 pm in  the mid-region (Fig. 139). As the terminal knobs 
are approached, the micronucleus tapers o f f  (Fig. 140). Micronuclear 
diameter is  smallest a t the bases o f  the terminal knobs (0.4 pm)(Fig. 142). 
Microtubules (about 24 nm in  diameter) and m ic ro f i la m e n t- l ike  f i b r i l s  
(about 6 nm in diameter) are conspicuous w ith in  the nucleoplasm o f 
terminal knobs (Fig. 141). Cross-sections o f  micronuclei a t th is  stage
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reveal the d is t r ib u t io n  o f microtubules forming separation spindles 
(F ig. 139). There is  a change in microtubule arrangement and size 
compared w ith  th a t present during metaphase. One row o f  microtubules 
forms an almost continuous 'sheath' ju s t  ins ide the nuclear envelope.
Some o f these sheath microtubules have a greater diameter (about 26 - 28 nm) 
than the more c e n tra l ly  posit ioned microtubules (19 - 24 nm). Short 
bridges appear to attach the microtubules o f the peripheral sheath 
d i r e c t ly  to the nuclear envelope and/or to adjacent sheath microtubules 
(Fig. 139). More c e n t ra l ly  posit ioned microtubules are arranged in to  
large c lus te rs  o f  varying s izes. These microtubules are from 19 - 24 nm 
in diameter l ik e  those in  metaphase m icronucle i. Short bridges are 
sometimes apparent between these tubules.
(c) Late separation sp indle
In micronuclei th a t  have reached lengths o f 80 - 100 pm, the mid­
region o f  the spindle is  about 0.8 pm in diameter whereas at the ends, 
the spindle diameter is  about 0,4 pm. Correlated w ith  th is  is  a 
v a r ia t io n  in microtubule number. The maximum microtubule number/spindle 
cross-section occurs in  the mid-region (about 180 tubu les ). The number 
o f  tubules f a l l s  o f f  s te a d i ly  to about 50 tubules towards the terminal 
knobs (Figs. 144 & 147). The ordered p a ra l le l  array o f  microtubules 
in  the separation spindles permits exact assessments o f  microtubule 
number in  accurate ly oriented spind le cross-sections. Attempts were 
made to obtain accurate ly oriented spindle cross-sections. Thin cross- 
sections a t selected in te rv a ls  along the lengths o f two micronuclei in  
the same organism were obtained. Their microtubule d is t r ib u t io n  
p ro f i le s  were assessed. These show th a t the mid-region o f the 
spindle contains considerably more tubules than the regions on e ith e r  
s ide , and also tha t there is  a gradual decrease in microtubule number
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from the spindle mid-region to the ends (near the terminal knobs)
(Fig. 143). The to ta l  number o f  microtubules a t equiva lent points 
along the two d i f fe re n t  spindles was very s im ila r  (Fig. 143).
Not only is  there a v a r ia b i l i t y  in  spindle cross-sectional 
diameter and microtubule number/cross-section along the length o f  the 
micronucleus, but the diameters o f  the spindle microtubules also vary.
In the spindle m id-region, microtubules are predominantly 28 - 31 nm 
in diameter (F ig. 145). Microtubules o f th is  magnitude are not present 
in  e i th e r  metaphase or ea r ly  separation spindles. Interspersed amongst 
these very large microtubules are microtubules o f  smaller diameter 
(mostly about 24 nm^ .^ Areas o f  osm ioph il ic  f in e ly
f i b r i l l a r  materia l are prevalent between groups o f microtubules (Fig. 145) 
Nearer the ends o f  the sp ind le , the microtubules are more c lose ly  packed 
as the micronuclear diameter narrows (F ig. 146), Microtubules o f  about 
28 - 31 nm diameter predominate and the areas o f  f i b r i l l a r  in te r tu bu le  
m atr ix  are reduced. At the very ends o f sp ind les, where they meet 
the terminal knobs, microtubules are predominantly o f the 24 nm v a r ie ty  
(F ig, 147). Some microtubules extend in to  the terminal knobs. These 
microtubules are a l l  about 24 nm in  diameter. Dispersed amongst the 
chromatin and microtubules are microfilamentous strands o f  about 6 nm 
diameter (Fig. 148),
2 PARAMECIUM PRIMAURELIA
(a) Late separation spindle
The s i tu a t io n  in the elongate micronuclei (about 80 pm) o f  _P. 
prim aure lia  is  very s im i la r  to th a t described above fo r  P. te t ra u re l ia  
(Figs, 149 & 150), The diameter o f  micronuclei varies along the lengths
o f th e i r  sp indles. The la rg e s t micronuclear diameter is  in  the spindle
mid-region (about 0.8 pm) and tapers o f f  to  about 0.4 pm towards each
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end o f a spindle. The number o f  sp indle microtubules is  greatest in 
the spindle mid-region (about 190 microtubules) and lea s t near each end 
o f  the spindle (about 40 m icrotubu les). Microtubule diameter also 
varies . Microtubules in the spindle mid-region are predominantly about 
28 - 31 nm in diameter while those nearer each end o f the spindle are 
predominantly about 19 - 24 nm in  diameter. Microtubules o f about 19 - 
24 nm diameter extend in to  the chromatin-contain ing reg ion, and are 
associated w ith  m ic r o f ib r i ls  th a t are about 6 nm in diameter (F ig. 151).
(b) Cold treatment
The s e n s i t iv i t y  and l a b i l i t y  o f spindle microtubules to cold has 
been well documented (Inoue, 1964; B rink ley  & C artwright, 1970, 1975; 
Lambert & Bajer, 1977). Not a l l  sp indle microtubules react s im i la r ly  
to cold (B rink ley  & C artwright, 1970), I t  is  possible th a t micro­
tubules w ith  d i f fe re n t  diameters have d i f fe re n t  l a b i l i t i e s .  I f  th is  
is  the case, i t  would provide fu r th e r  evidence fo r  the presence o f two 
classes o f spindle microtubules in  the micronucleus. Organisms 
destined fo r  cold treatment were selected when cleavage furrows were 
f i r s t  apparent. They were cooled to 0°C and subsequently f ixe d  using 
the procedure described in the M ateria ls  and Methods. Such co ld -trea ted  
organisms were s e r ia l ly  sectioned. A l l  the spindle microtubules p e rs is t  
during cold treatment. Microtubule diameters are e ith e r  about 31 nm or 
about 24 nm as in contro l organisms (compare Figs. 149 & 150 w ith  Figs. 
152 & 153). The in tra nuc le a r m atr ix  is  very densely stained (apart from 
a few 'empty' spaces; Fig. 152), and is  concentrated c lose ly  around the 
spindle microtubules (F ig , 155). Cross-bridges between microtubules are 
not apparent. Cold-treated organisms have a s im ila r  micronuclear organ­
isa t io n  to th a t in  contro l ( i . e .  untreated) organisms w ith  regard to 
micronuclear diameter tapering towards the poles, and microtubule numbers
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and diameters decreasing towards the poles (Figs. 152-154). Microtubules 
th a t are about 24 nm in  diameter extend in to  the terminal knobs as in  
contro l organisms. However in  co ld -trea ted  organisms dense ly-sta in ing 
materia l is  clumped around the chromatin and microtubules leaving large 
e lec tron - luce n t regions (Fig. 154). One e f fe c t  o f  the dense m atrix  is  to 
render the cores o f microtubules p a r t ic u la r ly  d is t in c t  and th is  h ig h l ig h ts  
the d if fe rences in  microtubule diameters espec ia lly  c le a r ly  (compare Figs. 
155 & 156).
In most c e l ls  most spindle microtubules are cold la b i le .  This 
genera lisa tion  may not apply to c i l i a t e s .  For example, Williams & 
Williams (1976) subjected d iv id in g  Tetrahymena to cold shock th a t was 
applied in  the same way as th a t  used here fo r  Parameciurn. Micronuclear 
spindles were not examined, but in  d iv id ing  macronuclei, microtubules 
persi sted.
(c) Final stages o f micronuclear elongation
The chromatin-contain ing terminal knobs begin to separate from the 
spindle when micronuclei reach lengths o f up to 110 pm. The diameters 
o f  micronuclei in  the spindle mid-region are about 0.6 pm (Fig. 157). 
Micronucleardiameters taper from the mid-region towards each end o f the 
spindle (Figs. 158 & 159). Near terminal knobs, micronuclear diameters 
are about 0.4 pm (Fig, 159). In the spindle mid-region there are about 
130 microtubules. Most o f  these are about 31 nm in diameter. The 
number o f  m icrotubu les/cross-section  decreases on e i th e r  side o f the 
spindle mid-region as terminal knobs are approached. Sections near 
terminal knobs show th a t microtubules are nearly a l l  about 28 - 31 nm 
in diameter.
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DISCUSSION
In his recent review o f  mitoses in  lower eukaryotes. Heath (1980) 
points out th a t 'noth ing is  known about spindle development in 
Paramecium' nor how microtubules are arranged in the 'e n t i re  nucleus '.
What has been described are the gross micronuclear shape changes, and 
i t  has been established th a t  there are no polar c e n tr io le s ,  the spindle 
is  m icrotubu lar, the nuclear envelope remains in ta c t  throughout 
d iv is io n ,  and th a t kinetochores are present (Jurand & Selman, 1969; 
Stevenson & Lloyd, 1972).
In th is  ana lys is , data from micronuclei a t metaphase, and ea r ly  and 
la te  stages o f  anaphase spindle elongation have been compared.
P a r t ic u la r  a t te n t io n  has been paid to changes in  the d is t r ib u t io n  o f 
microtubules and other cytoske le ta l elements w ith in  elongating m icronucle i. 
Only the d iv id in g  micronucleus o f  Tetrahymena has been studied in  
comparable d e ta i l  (LaFountain & Davidson, 1980).
1 ANAPHASE A - CHROMOSOME TO POLE MOVEMENT
In many m i to t ic  systems, anaphase segregation o f chromosomes is  
thought to involve two d is t in c t  motions: the movement o f  chromosomes
from the metaphase p la te  to the poles (anaphase A), and the fu r th e r  
separation o f the poles (anaphase B) -  i . e .  spindle elongation (Inoue, 
1976). I t  has there fore  been suggested tha t more than one m o t i l i t y  
system may be operating concurrently  in  some spindles (McIntosh e t a l . ,  
1976; Sanger, 1977; Cande, 1981).
I t  has been suggested th a t a c t in  may be involved in the production 
o f anaphase chromosome movement (Pickett-Heaps, McDonald & T ip p i t ,  1975; 
Forer, 1976; Po lla rd , 1976; Sanger & Sanger, 1976). However, a recent 
study suggests th a t ,  a t leas t in  some types o f c e l ls ,  only anaphase B,
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not anaphase A, requires ATP (Cande, 1982).
In th is  study, microfilamentous f ib re s  were observed a t spindle 
poles in metaphase micronuclei and also in the terminal knobs during 
stages in  separation spindle e longation. I f  a c t ino id  and fo rce - 
generating, these poleward oriented microfilaments might p u ll  on the 
non -con trac t i le  microtubules to draw chromosomes towards the poles.
At metaphase some o f the microtubules are c lose ly  associated w ith  
chromosomes and extend in to  the microfilamentous region near the poles. 
Microtubules might be connected to chromosomes a t kinetochores (as 
described fo r  P. au re l ia  by Jurand & Selman, 1969), or via in te rc a la ry  
m icrofilaments (as described fo r  P. bursaria by Lewis, Witkus & Vernon, 
1973). Microtubules could provide a s ta t ic  framework to which the 
po lar m icrofilaments a ttach. Possibly these microfilaments pu ll 
against the terminal regions o f the microtubules.
2 ANAPHASE B - SEPARATION SPINDLE ELONGATION
In the ea r ly  separation sp ind le , there is  a d is t in c t  peripheral 
sheath o f microtubules in add it ion  to the core o f more c e n tra l ly  
positioned microtubules. This fea ture  has not been prev ious ly  observed 
in  d iv id in g  Paramecium m icronucle i. However, i t  has been reported fo r  
d iv id ing  micronuclei in  one other c i l i a t e  (Tetrahymena p y r i fo rm is ) where 
the peripheral sheath p e rs is ts  throughout spindle elongation (Davidson 
& LaFountain, 1976; Wolfe, Hunter & St, Adair, 1976; LaFountain & 
Davidson, 1979, 1980). I t  has been suggested th a t in  Tetrahymena 
increase in  spindle length is  due to steady polym erization , and 
consequent elongation o f  the 150 or so peripheral sheath microtubules 
which extend along the e n t i re  length o f  the sp ind le. During P. au re l ia  
ea r ly  spindle e longation, peripheral sheath microtubules only occur in 
the spindle mid-region. In P. a u re l ia ,  then, the non-sheath microtubules
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are also presumably involved. This remains a conjecture since 
in s u f f ic ie n t  d e ta i l  o f  i n i t i a l  stages o f spindle elongation was 
obtained. The remainder o f  th is  discussion is confined to  la te r  
stages o f spindle elongation which have been examined in  more d e ta i l .
There are two possible ways in  which la te  separation spindle 
elongation in P. au re l ia  could be e ffec ted .
(a) Microtubule assembly and spindle elongation
One p o s s ib i l i t y  is  th a t continued assembly o f  peripheral sheath 
microtubules promotes separation spindle elongation. This has been 
suggested as a mechanism fo r  micronuclear elongation in Tetrahymena 
pyr ifo rm is  (LaFountain & Davidson, 1979), However from evidence 
obtained in th is  study, th is  would mean th a t in  P. a u re l ia  most o f 
the smaller 19 - 24 nm microtubules disassemble (except near the 
terminal knobs). This would occur in  conjunction w ith  fu r th e r  
assembly and elongation o f  the la rge r sheath microtubules. A 
s i tu a t io n  where one set o f microtubules is  u t i l i z e d  fo r  i n i t i a l  
separation spindle e longation, and is  then disassembled as another set 
o f microtubules continues to assemble in  the same loca t ion  fo r  
promotion o f  la te  separation spindle e longation, would be most 
unusual.
(b) In te rtubu le  s l id in g  and spindle elongation
The other p o s s ib i l i t y  fo r  la te  separation spindle elongation is  
th a t in te r tu bu le  s l id in g  occurs. Evidence fo r  s l id in g  between p a ra l le l  
microtubules to promote spindle elongation has been provided by a few 
other studies (see McIntosh, 1979). P a r t ic u la r ly  good evidence fo r  
th is  has been obtained from studies o f  diatom m itosis (Pickett-Heaps, 
McDonald & T ip p i t ,  1975; Pickett-Heaps & T ip p i t ,  1978; McDonald,
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Edwards & McIntosh, 1979). Spindle elongation in  Diatoma vu1 gare is  
apparently achieved by the s l id in g  apart o f  two sets o f  c lose ly  
overlapping anti p a ra l le l  microtubules which form the compact spindle 
microtubule bundle. The number o f  m icrotubu les/sp ind le  cross-section 
is  halved as th is  occurs. The present study ind ica tes th a t a gradual 
decrease in spindle microtubule number/spindle cross-section occurs 
during la te  separation spindle elongation in P. a u re l ia . Furthermore, 
cross-bridges or side arms are apparent between microtubules.
Microtubules l i e  p a ra l le l  to one another, and are mostly packed c lose ly  
together so th a t they form a compact bundle. A l l  these fac to rs  are 
consis tent w ith  an in te r tu b u le  s l id in g  mechanism fo r  promotion o f  spindle 
e longation. However, i f  m icrotubule s l id in g  does occur in  P. a u re l ia , 
i t  must be less o rd e r ly ,  or more complex, than th a t recorded fo r  diatom 
spindles, as explained above. Furthermore, according to resu lts  obtained 
in  th is  study, microtubule diameters would have to increase during the 
course o f separation spindle e longation. There appears to be no other 
example o f such an unusual s i tu a t io n  where an increase in  spindle micro­
tubule diameters occurs during spindle e longation.
(c) Microtubule assembly o r in te r tu bu le  s l id in g ?
This study does not permit d is t in c t io n  between the two spindle 
elongation procedures ou tl ined  above. I t  may be th a t both procedures 
are involved to some extent. However, whichever procedure predominates, 
th is  study leaves l i t t l e  doubt th a t separation spindle elongation involves 
a procedure, or procedures, which have not been prev ious ly  demonstrated 
during spindle e longation. I f  m icrotubule assembly predominates, then 
large-sca le  microtubule disassembly (o f the 24 nm tubules) must accompany 
sp indle e longation. I f  m icrotubule s l id in g  predominates, and l i t t l e  
microtubule disassembly occurs, then most o f the 19 - 24 nm microtubules 
must increase in diameter to 28 - 31 nm.
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3 POSSIBLE SIGNIFICANCE OF VARIATION IN MICROTUBULE DIAMETER
In P. au re l ia  d is t in c t  d if fe rences in microtubule diameter occur 
during the process o f chromosome separation. These d is t in c t  d if fe rences 
were noted among tubules located in  d i f fe re n t  regions o f  the spindle and 
in  association w ith d i f fe re n t  stages o f separation spindle elongation.
Only one other report o f  such a phenomenon has been made (Hauser, 1972). 
Paracineta limbata and Ich th yo ph tir iu s  m u l t i f i l i u s  have large micro­
tubules (35 - 40 nm) which appear before smaller microtubules (20 nm).
This is  in  d ire c t  con trast to  P. au re l ia  in which the la rg e r  micro­
tubules (28 - 31 nm) appear a f te r  the smaller microtubules (19 - 24 nm). 
Large diameter spindle microtubules have prev ious ly  been reported fo r
P. te t ra u re l ia  (31 nm) (Tucker, 1979; Cohen,
Beisson & Tucker, 1980)^ P. multimicronucleatum (30 nm) (Inaba & Kudo, 
1972).
The appearance o f 28 - 31 nm microtubules and the simultaneous
'disappearance' o f most o f  the 19 - 24 nm microtubules during spindle
elongation is  curious. I f  the smaller microtubules do increase in 
diameter, then th is  might occur by changes in the h e lica l arrangement 
o f pro to fi lam ents as suggested by T ilney and Porter (1967) fo r  micro- to
irac ro - tu bu le tra ns it ions . The peripheral sheath microtubules (26 - 28 nm) 
may represent an intermediate stage in th is  process. Tannic acid 
s ta in ing  would show whether the number o f  pro to filam ents remains constant 
or increases.
What is  the s ign if icance  o f the f in d in g  th a t ,  to  begin w ith ,  the 
elongating separation spindle in  d iv id in g  P, au re lia  micronuclei consists 
predominantly o f  microtubules w ith  diameters o f about 24 nm, but 
subsequently most microtubules have diameters o f about 31 nm? Perhaps
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th is  unusual feature has mechanical s ign if ica nce . Presumably 31 nm 
microtubules are more r ig id  than 24 nm microtubules. This could be 
an advantage in  a s i tu a t io n  where a compact microtubule bundle is  
involved in pushing chromatin-contain ing terminal knobs apart over a 
distance o f about 100 pm.
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CONCLUDING REMARKS
ORIENTED FIBRE ARRAYS AND SHAPE CONTROL IN CERTAIN NUCLEI, CELLS AND
TISSUES - A RESUME
1 DIVERSITY OF SHAPE CHANGES
In th is  d isse r ta t io n  three shape change s itua t ion s  have been 
analysed.
The simplest shape change occurs during the elongation o f 
Paramecium m icronucle i. A spherical in te r f is s io n  micronucleus 
becomes dumbel1-shaped during c e l l  d iv is io n .  An in tranuc lear micro­
tubule bundle is  mainly responsible.
Growth o f  the insect ovarian f o l l i c l e s  th a t have been studied 
involves a f a i r l y  simple elongation and tissue shape change from a 
sphere to a p ro la te  spheroid. In th is  case spatio -tem pora lly  
co-ordinated e p i th e l ia l  c e l l  shape changes are involved. There are 
concommitant changes in the in t r a c e l lu la r  cytoske leta l organisation 
o f microtubules and m icrofilam ents. In a d d it io n , the c e l ls  secrete 
f ib re s  in to  an e x t ra c e l lu la r  m atr ix  which also apparently plays an 
important part in shape contro l and acts in concert w ith  the in t r a ­
c e l lu la r  f ib re s .  The s i tu a t io n  is  there fore  more complex than th a t 
found during micronuclear e longation.
The most complex s i tu a t io n  studied occurs during Cal1iphora wing 
development. I t  involves changing from a compact and e labora te ly  
folded imaginai d isc in to  a sculptured and h igh ly  f la t te n e d  wing blade.
The formation o f veins and ce r ta in  c u t ic u la r  spec ia l isa t ions  fu r th e r  
complicates the s i tu a t io n .  F o l l i c le  growth, and the anisometric 
expansion o f a f o l l i c u l a r  ep ithe lium , involves r e la t iv e ly  simple c e l l  
shape changes. Cuboidal c e l ls  become columnar and then squamous.
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During Calliphora wing morphogenesis, however, a much more complex and 
exacting sequence o f  e p i th e l ia l  c e l l  shape changes is  necessary to 
achieve f in a l  wing shape. Changes in  c e l l  shape are much more rad ica l 
during wing growth than during ovarian f o l l i c l e  growth. I t  is  not 
ju s t  va r ia t ion s  in  the shapes o f  c e l l  bodies tha t are invo lved; the 
outgrowth o f long c e l l  extensions and groups o f f i lo p o d ia  also takes 
place a t ce rta in  points during wing morphogenesis. Two cycles o f  very 
marked c e ll  shortening occur w ith  an intervening phase o f ce l l  
e longation. Cell lengths vary by up to an order o f  magnitude during 
some o f these changes. M icrotubules, m icrofilam ents, f i lo p o d ia  and 
c e l l  junctions are a l l  employed to generate and/or co-ord inate the 
complex c e l l  shape r i t u a l .
2 VERSATILITY OF CYTOSKELETAL INVOLVEMENT DURING SHAPE CONTROL 
Results from studies by other inves t iga to rs  o f  microtubule and 
m icrofilam ent involvement during shape contro l in  a v a r ie ty  o f 
s i tu a t io n s  ind ica tes th a t these cy toske le ta l f ib re s  are both 
exp lo ited  in  a very v e rs a t i le  range o f ways (see Goldman, Pollard & 
Rosenbaum, 1976; Dustin, 1978; Roberts & Hyams, 1979). The 
inves t iga tions  reported in  th is  d isse r ta t io n  complement these 
f in d in g s . Despite the small sample o f  shape change s itu a t io n s  studied, 
a wide va r ie ty  o f shape changes occur. Correlated w ith  t h is ,  micro­
tubules and m icrofilaments seem to e x h ib i t  a wide range o f a c t i v i t ie s .
They are included in  f ib re  arrays th a t  apparently promote e longation, 
bring about shortening, and re s is t  elongation o f  c e l ls  or parts o f  ce l ls  
depending on the s i tu a t io n  in  question. Descriptions o f  these a c t i v i t ie s  
can be expressed in u se fu l,  a lb e i t  somewhat co llo qu ia l terms, as fo l low s. 
During shape changes cytoske le ta l f ib re s  mainly act as 'a c t ive  pushers ', 
'tension t ra n sm it te rs ' or 'tens ion  generators' (see Table 3 fo l lo w in g ) .
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TABLE 3 FIBRE ACTION DURING SHAPE CONTROL
TYPE OF 
FIBRE
ACTION
ACTIVE PUSHER TENSIONTRANSMITTER
TENSION
GENERATOR
MICROTUBULE Yes* Yes* Yes
MICROFILAMENT Yes* Yes* Yes*
EXTRACELLULAR 
MATRIX FIBRES No Yes* No
* Asterisk denotes th a t evidence fo r  action has been obtained 
from studies reported in  previous chapters (see te x t  below).
Table 3 emphasises the v e r s a t i l i t y  o f  microtubule and micro- 
f i lam en t ac tion . I t  is  contrasted w ith  the less v e rs a t i le  
e x p lo i ta t io n  o f  e x t ra c e l lu la r  m atr ix  f ib re s  tha t are mainly employed 
to maintain shape ra the r than to  change i t ;  they play no 'a c t iv e ' 
ro les . This is  perhaps not s u rp r is in g , because there is  no 
evidence th a t e x t ra c e l lu la r  m ateria ls  can a c t iv e ly  generate con­
t r a c t i l e  forces. However, an in te re s t in g  example o f a s i tu a t io n  
where e x t ra c e l lu la r  m atr ix  f ib re s  apparently act as 'tension trans­
m it te rs '  occurs during anisometric ovarian f o l l i c l e  growth.
Examples obtained in  th is  study which ind ica te  the v e rs a t i le  
actions o f microtubules and m icrofilaments are as fo l low s . Micro­
tubules appear to act as 'a c t iv e  pushers' during micronuclear elongation 
but as 'tension tra n sm it te rs ' during elongation o f  ovarian f o l l i c l e s .
No d ire c t  evidence fo r  microtubules acting  as ‘ tension generators' was
87
obtained in th is  study. However, studies by other inves t iga to rs  
have provided such evidence. For example, microtubules are included 
in a tension generating system during anaphase chromosome movement 
(see McIntosh, 1979). M icrofilaments appear to act as 'a c t ive  
pushers' during f i lo p o d ia l  outgrowth a t ce rta in  stages in  wing 
development. On the other hand, they seem to play a ro le  as 
'tens ion  tran sm it te rs ' during ovarian f o l l i c l e  growth, and probably 
act as 'tens ion generators' in  the 'c o n t ra c t i le  r in g s ' o f wing 
epidermis.
3 NEW ASPECTS OF SHAPE CONTROL
Several prev ious ly  undetected aspects o f the involvement o f 
oriented f ib re  arrays during shape contro l have emerged from the 
inves t iga tions  reported in th is  d is s e r ta t io n .  These are as fo l low s.
(a) Micronuclear elongation in  Paramecium
The overa ll d is t r ib u t io n  o f  microtubules during the elongation 
o f a Paramecium separation spindle has been mapped out fo r  the f i r s t  
time. Elongation involves two types o f microtubules w ith  diameters 
o f  about 24 nm and 31 nm. Their d is t r ib u t io n  reveals th a t spindle 
e longation is  not due to a simple microtubule s l id in g  mechanism.
(b) Ovarian f o l l i c l e  shaping in  ce rta in  insects
Previous studies o f  f o l l i c l e  development (Tucker & Meats, 1976; 
Went, 1978) ind ica ted the involvement o f  in te rce l 1u la r ly  aligned 
microtubules in tension transmission during anisometric f o l l i c l e  
growth. This study has shown fo r  the f i r s t  time th a t s im i la r ly  
aligned m icrofilaments may also be involved in f o l l i c l e  shape contro l 
M icrofilaments and microtubules can apparently be co-ordinated to 
produce anisometric f o l l i c l e  growth in P. americana. Microfilaments
alone seem to s u f f ic e  during f o l l i c l e  shaping in R. p ro l ix u s .
E x tra c e l lu la r  matrices have not previously been implicated in  
contro l o f f o l l i c l e  shaping. The f o l l i c u l a r  ep ithe lium  o f P. americana 
secretes a f a i r l y  substan tia l e x t ra c e l lu la r  m a tr ix , the tunica p ropria . 
I t  consists o f  two separate layers -  a f ib rous  layer and a granular 
laye r. The la t t e r  has not been detected before. There are 
substan tia l ind ica t ions  th a t the tunica propria takes over tension 
transmission from the e p i th e l ia l  cytoske leta l system during the la te r  
v i te l lo g e n ic  stages o f  f o l l i c l e  growth in  P. americana.
On the basis o f  these f ind ings  i t  is  argued th a t the e x p lo i ta t io n  
o f  oriented f ib re  arrays may be a widespread feature o f  f o l l i c l e  
shape contro l during oogenesis in  insects genera lly . Furthermore, 
evidence fo r  a previously undetected ro le  fo r  f o l l i c l e  c e l ls  and 
th e i r  cytoskeletons has been obtained. They may enter a 'pos t-  
v i te l lo g e n ic '  phase in  which they a c t iv e ly  con trac t. This seems to 
form part o f  a mechanism fo r  discharging mature oocytes from ovario les 
a t the s ta r t  o f  o v ip o s it ion  in  both o f  the insects studied. I t  also 
presumably brings about shape changes associated w ith  corpus luteum 
formation.
(c) Wing morphogenesis in  Calliphora
Waddington's study (1941) o f  wing development in  Drosophila 
revealed th a t wing morphogenesis involves a remarkable sequence o f 
epidermal c e l l  shape changes. However, perhaps s u rp r is in g ly ,  there 
have been no examinations o f  the complete sequence o f f in e  s tru c tu ra l 
changes involved in the meantime. Nor have there been inves t iga tions  
o f  how each stage in  the sequence o f  c e l l  shape changes is  generated.
The examinations o f  Cal1iphora wing development have revealed a
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sequence o f epidermal c e l l  shape changes which is  v i r t u a l l y  
id e n t ica l w ith  tha t described fo r  Drosophila by Waddington. They 
also reveal the fo l low ing  features.
The assembly o f  i n t e r c e l lu la r ly  aligned microtubule arrays takes 
place a t ce rta in  points during wing morphogenesis. Their alignments 
co rre la te  w ith  d irec t ions  o f  c e l l  e longation and/or are re la ted  to 
wing axes. Microfilamentous ' r in g s '  s itua ted  a t c e l l  apices are 
also involved in shape contro l a t ce r ta in  stages. Changing patterns 
o f  c e l l  junc t ion  arrangement ind ica te  how forces which are generated 
and/or transm itted by in t r a c e l lu la r  cy toske le ta l arrays may be 
d is t r ib u te d  between c e l ls  during the major c e l l  and wing shape 
changes. A new proposal is  advanced fo r  the involvement o f f i lo p o d ia  
in  a 'z ip p e r - l ik e '  procedure during the production o f  the e p i th e l ia l  
b i la y e r  a t the s ta r t  o f  wing pouch f la t te n in g .
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b cytoplasmic 'b lebs '
Ba bacteroids
bl basement lamina
Br b r is t le s
C c u t ic le
CB c e ll  body
ch v i te l lo g e n ic  channel
OR chromatin
Cs c e l lu la r  strand
d desmosome
E c e l l  extension
Er endoplasmic reticu lum
F f ib re s / f ib ro u s  layer
FC f o l l i c l e  c e l l
Fi f i lo p o d ia
9 gap junc t ion
G1 glycogen
GP growth phase
Gr granules/granular layer
H haemocyte
L 1amina
Li l i p i d  d rop le t
La la t t i c e  spacing
m membrane
ma macula adhaerens junc t ion
Me mitochondrion
mf microfilaments
Mi m ito t ic  f ig u re
mt microtubules
Ms muscle elements
Mv m ic rov i11i
My myelin f ig u re
N nucleus
Ne nuclear envelope
0 oocyte
Os ova r io le  sheath
p p ro je c t io n /c e l l  process
Pc wing pouch
PM peripod ia l membrane
Po promyoblasts
R region
Ri ridge
S 'spaces'
Sc sheath ce l l
sd septate desmosome
SN sensory nerve
T trachea
Tc t r i chôme
Ti trichogen c e ll
tp tunica propria
To tormogen ce ll
Tr tracheole
V vein
WE wing epithelium
WM wing margin
WT wing t ip
z zonula adhaerens junc t ion
FIGURE 1
Schematic diagram showing the o rgan isa t ion  o f  the o va r io le  o f  
P. americana. The diagram compares the f o l l i c l e  numbering sys­
tem and the growth phase system w ith  the o va r io le  regions c la s s i ­
f i c a t io n .  The most mature f o l l i c l e  is  termed f o l l i c l e  number one, 
F o l l ic le s  are numbered in increasing numerical magnitude from 
f o l l i c l e  1 to the germarium. Growth phase 1 includes m eio tic  
events in  the germarium. Growth phase 2 re fe rs  to  the change in  
f o l l i c l e  s ize  and shape from spherica l to  disc-shape. F o l l i c le  
e longation takes place during the t h i r d ,  fo u r th  and f i f t h  growth 
phases. The term inal f i lam en t (TF)and the germarium (Ge) are 
ind ica ted .
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FIGURE 2
The re la t io n sh ip  between the diameters (measured a t t h e i r  widest 
points and a t r ig h t  angles to the lon g itud ina l axis o f  the o va r io le )  
and lengths o f  cockroach f o l l i c l e s  1-5 in  75 ovario les is  shown.
The shoulders o f  the computed regression l in e s  (arrows) ind ica te  
s ig n i f ic a n t  d if fe rences . This reveals the three growth phases
3-5 th a t account fo r  most o f  the anisometric growth o f  f o l l i c l e s  
and oocytes. The re la t io n sh ip  in  length between f o l l i c l e s  1-5 
is  also compared. The blackened areas denote the range o f lengths 
exh ib ited  by f o l l i c l e s  1-5 (Pol. 1-5). For example, f o l l i c l e  1 
ranges between lengths o f  1,200-2,400 pm in  growth phase 4 and 
lengths o f  2 400-4 100 pm in  growth phase 5 whereas f o l l i c l e  2 e xh ib its  
lengths o f  1,000-2,400 pm in  growth phase 4 and does not enter 
growth phase 5.
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Figure 2
FIGURE 3
The basis o f  the cockroach f o l l i c l e  numbering system and growth 
phases 3-5 is  shown in  terms o f  p o s it ion in g  in  o va r io le  regions
4-5 a t d i f fe r e n t  po in ts in  the v i te l lo g e n ic  cyc le . A shows the 
s i tu a t io n  immediately a f te r  ovu la t ion  and D ju s t  p r io r  to  ovula­
t io n  w ith  in te rven ing  stages B and C completing the sequence.
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FIGURE 4
Part o f  the ou ter surface o f the o va r io le  sheath surrounding an 
ova r io le  o f  P. americana f re s h ly  iso la te d  in sa l in e . The 
anastomosing aggregates o f  interconnected c e l ls  o f  the sheath 
are shown. Cells are va r iab le  in  shape and are connected by 
c e l lu la r  s trands. Tracheal branches and tracheoles ram ify 
amongst the c e l ls .  Nomarski in te r fe rence  con tras t.  X 120.
Bar = 100 pm.
FIGURE 5
Section through pa rt o f  a cockroach ova r io le  sheath. A group o f 
sheath c e l l s ,  inc lud in g  a tracheo la r  c e l l ,  are surrounded by an 
e x t r a c e l lu la r  lamina (L ). Sheath c e l ls  contain endoplasmic 
re t icu lum , glycogen, l i p i d  d rop le ts  and m itochondria. X 3,800. 
Bar = 5 pm.

FIGURE 6
Section through p a r t  o f  the o v a r io le  sheath o f  a cockroach. The 
c e l ls  comprising the o v a r io le  sheath conta in  m icro tubu les . These 
are o f  v a r ia b le  o r ie n ta t io n .  X 35,000.
FIGURE 7
Part o f  the o u te r surface o f  a cockroach f o l l i c l e  c e l l  and i t s  
tun ica  p ro p r ia .  The section  is  perpend icu lar to  the ou ter 
surface of, and p a ra l le l  to  the po la r ax is of, the f o l l i c l e .  
C irc u m fe re n t ia l ly  o r ien ted  m icrotubules and bundles o f  m icro­
f i lam ents  are c lu s te re d  near the c e l l  surface and close to the 
c e l l  boundaries a t  the leve l o f  ap ica l desmosomes. A circum­
fe re n t ia l  l y  o r ie n te d  process from one c e l l  extends in to  a surface 
depression in  an ad jacent c e l l .  M icrotubules extend along the 
i n t e r io r  o f  the i n t e r d ig i t a t i o n .  X 51,900.
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FIGURE 8
Section grazing through p a r t  o f  the ou te r surface o f a 
americana f o l l i c l e  c e l l  during growth phase 3. M icrotubules and 
m ic ro f ilam en ts  are c lo s e ly  associated w ith  ap ica l desmosomes.
X 72,500.
FIGURE 9
Section through p a r t  o f  a P. americana f o l l i c u l a r  ep ithe lium  
where adjacent c e l ls  meet. M icrotubules run alongside the 
la te r a l  f o l l i c l e  c e l l  membranes a t r i g h t  angles to the oocytes' 
p o la r  a x is . X 63,500.
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FIGURE 10
Section graz ing through pa r t  o f  a P. americana f o l l i c l e  c e l l  during 
growth phase 4. C i r c u m fe re n t ia l l y  arranged m ic ro f i lam en ts  and 
microtubules are grouped d i r e c t l y  beneath the f o l l i c l e  c e l l  outer 
sur face . X 63,600.
FIGURE 11
Part o f  the ou te r  surface o f  a P. americana f o l l i c l e  dur ing growth 
phase 4. The sec t ion  i s  perpendicu lar  to  the ou te r  sur face and 
p a r a l l e l  to  the p o la r  ax is  o f  the f o l l i c l e .  C i r c u m fe re n t ia l l y  
o r ien ted  m ic ro tubu les  and m icrof i laments  are c lus te red  together 
near the c e l l  sur face .  C i r c u m fe re n t ia l l y  o r ien ted  m ic ro f i laments  
appear to  be jo in e d  to  desmosomes. X 116,600.
w m m m m
* #  
t # i
%. '»<
' #
. ■ ■■■■■^ 'ifftnnii & -'v 'tir\.' -
"%n.
___  " A?;v-
' . . ' v „
k
sw
FIGURE 12
Section graz ing through par t  o f  the oute r  surface o f  a P. americana 
f o l l i c l e  dur ing  growth phase 4. C i r c u m fe re n t ia l l y  o r ien ted  micro­
f i laments  o f  ad jacent c e l l s  appear to be connected to apical 
desmosomes. X 63,600.
FIGURE 13
Sect ion grazing through pa r t  o f  the oute r  surface o f  a P. americana 
f o l l i c l e  as in F ig . 14. C i r c u m fe re n t ia l l y  or ien ted  m ic ro f i lam ent  
bundles are jo in e d  to apical desmosomes and connect to l a t e r a l  
membranes o f  adjacent f o l l i c l e  c e l l s  thus prov id ing  an i n t e r ­
connected network o f  f i laments  throughout the f o l l i c u l a r  ep ithe l ium, 
X 17,200. Bar = 1 pm.
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FIGURE 14
Section g raz ing  through pa r t  o f  the ou te r  surface o f  a P. americana 
f o l l i c l e  dur ing  growth phase 5. V i te l l o g e n ic  channels develop at 
po in ts  where 3 c e l l s  meet. Channels are f i l l e d  w i th  f l o c c u le n t  
m a te r ia l .  M ic ro f i lam en ts  and micro tubules extend along the sides 
o f  developing channels. X 19,600.
FIGURE 15
Sect ion through a p o r t ion  o f  a P. americana f o l l i c l e  during stage 
5. The se c t io n  i s  perpend icu la r  to  the outer  surface and the 
po la r  ax is  o f  the f o l l i c l e .  Par t  o f  a v i t e l l o g e n i c  channel is  
shown. The e x te n t  o f  detachment o f  the f o l l i c l e  c e l l  from the 
tun ica  p ro p r ia  dur ing  v i t e l l o g e n i c  channel fo rmation is  ev iden t .
X 9,300.
FIGURE 16
Section pe rpend icu la r  to the ou te r  surface o f  a P. americana 
f o l l i c l e  du r ing  growth phase 5. M i c r o v i l l i  are most ly w i t h ­
drawn from f o l l i c l e  c e l l  bases. The space thus created between
f o l l i c l e  c e l l  and oocyte is  f i l l e d  w i th  f l o c c u le n t  e lec t ron  lucent  
m a te r ia l .  Bacte ro ids  o f ten  occur w i t h i n  t h i s  space. X 42,400.
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FIGURE 17
Section through p a r t  o f  a cockroach f o l l i c l e  near i t s  outer  surface 
a t  a region where two c e l l s  meet. The plane o f  the sect ion is 
or iented perpendicu lar  to  the outer  surface o f  the f o l l i c l e  and the 
f o l l i c l e ' s  po la r  a x is .  F o l l i c l e  c e l l s  become detached from the 
tun ica  p ropr ia  dur ing the formation o f  channels. The tunica 
propr ia  is  d i f f e r e n t i a t e d  in to  an outer  granular  and an inner 
f ib ro us  laye r .  X 63,600.

FIGURE 18a
Section grazing through p a r t  o f  the tun ica propr ia  o f  a cockroach 
f o l l i c l e  during growth phase 3. A laye r  o f  the laminated tun ica 
propr ia  is  shown to  i l l u s t r a t e  th a t  the tun ica p ropr ia  r e a l l y  is  
laminated in composition and conta ins no f i b r e s .  X 63,600.
FIGURE 18b
Sect ion perpendicu lar  to  the ou te r  surface o f  a cockroach f o l l i c l e  
during growth phase 3. The layered or laminated appearance o f  
the tun ica p ropr ia  i s  ev iden t .  X 63,600.
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FIGURE 19
Part o f  the ou te r  sur face o f  a cockroach f o l l i c l e  c e l l  and i t s  
tun ica  propr ia  dur ing growth phase 4. The sect ion i s  p a r a l l e l  
to  the ou te r  surface and p a r a l l e l  to the po la r  ax is  o f  the 
f o l l i c l e .  Figure 19 shows th a t  there  i s  an increase in  tun ica 
p ropr ia  th ickness from growth phase 3 (F ig .  18a) to growth phase 
4. Fibrous elements are embedded w i t h in  the tun ica  propr ia  
(arrows) . Microtubules and m ic ro f i lam en ts  are c lus te red  
d i r e c t l y  beneath the f o l l i c l e  c e l l  ou te r  surface close to a 
desmosome. X 63,600.
FIGURE 20
Section grazing through p a r t  o f  the tun ica  p ropr ia  o f  a _P. 
americana f o l l i c l e  dur ing growth phase 4. C i r c u m fe re n t ia l l y  
o r ien ted  f i b r e s  w i t h in  the tun ica  p ropr ia  are shown. Most o f
the f i b r e s  have diameters o f  12-14 nm (shor t  arrows). Others are
grouped in bundles up to 30 nm in  diameter ( long arrows).
X 63,(#0.
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FIGURE 21a
Section grazing through par t  o f  the tun ica propria  o f  a 2- 
ameri cana f o l l i c l e  during growth phase 5. Two layers ,  an outer 
granular  laye r ,  and an inner f ib rous  laye r  are ev ident.  The 
granular  layer  consists  o f  granules 25-30 nm in diameter. The 
f ib rous  laye r  consists  o f  small f i b re s  o f  12-14 nm in diameter 
(short  arrows) and la rg e r  f i b re s  o f  up to 36 nm in diameter.
Some o f  the la rg e r  f i b re s  have a cross-banded appearance (double 
arrow). X 63,600.
FIGURE 21b
Section through par t  o f  the tunica propr ia  o f  a P. americana 
f o l l i c l e  during la te  growth phase 5. The sect ion is  perpen­
d ic u la r  to the oute r  surface and perpendicular to  the po la r  axis 
o f  the f o l l i c l e .  The cross-banded appearance o f  the tunica 
propr ia  f i b re s  i s  c le a r l y  apparent. X 116,600.
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FIGURE 22
Section grazing through the outer  surface of two ad jo in ing  
e p i t h e l i a l  plug c e l l s .  C i r c u m fe re n t ia l l y  o r iented microtubules 
and mic ro f i laments  are c lus te red  a t  the apices o f  these c e l l s .
X 28,200.
FIGURE 23
Section through pa r t  o f  an e p i t h e l i a l  plug o f  a cockroach o va r io le  
The sect ion is  p a r a l l e l  to the long axis o f  the o v a r io le .  Many 
microtubules run p a ra l l e l  to the lo n g i tu d in a l  axes o f  e p i t h e l i a l  
plug c e l l s  alongside the la t e r a l  membranes of the c e l l s .  Some 
tubules meet the l a t e r a l  membranes a t  var ious po in ts  (arrows) . 
Adjacent c e l l s  are o f ten  jo ined  by septate desmosomes. X 35,000.
FIGURE 24
Section through pa r t  o f  an e p i t h e l i a l  plug c e l l  showing the large 
numbers o f  microtubules which run p a ra l l e l  to  the lo n g i tu d in a l  
axis o f  the c e l l .  The sect ion  i s  a t  r i g h t  angles to the long 
axis o f  the o v a r io le .  X 39,100.
FIGURE 25
Section through two adjacent e p i t h e l i a l  plug c e l l s  showing micro­
tubules which meet the l a te ra l  membranes o f  these c e l l s .  Sect ion 
o r ie n ta t i o n  as in Fig. 24. X 47,000.
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FIGURE 26
Schematic diagram showing the ' f o i l i c l e - t u n i c a '  sequence o f  cock­
roach f o l l i c l e s  dur ing  growth phases 3-5. The arrangement o f  
desmosomes, m ic ro f i la m en ts ,  m ic ro tubu les ,  f i b re s  and granules are 
portrayed as they would be revealed a t  an edge formed by a cut 
p a ra l le l  to  the plane o f  the ep i the l ium  and p a ra l l e l  to the 
f o l l i c l e s ' p o l a r  ax is .  For c l a r i t y ,  the m i c r o v i l l i  which p ro je c t  
from the inner  surfaces o f  the c e l l s  have been omit ted, i n t e r -  
d i g i t a t i n g  c e l l  processes and a l l  the organel les shown are repre­
sented as d is p ro p o r t io n a te ly  la rge s t ru c tu re s  w i th  respect to c e l l  
s ize .
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Figure 26
P.americana'foliicle-tunica sequence
FIGURE 27
The basis o f  the f o l l i c l e  numbering system and growth phases 1 and 
2 is  shown in terms o f  p o s i t io n in g  in the ovar io le  a t  d i f f e r e n t  
po ints in  the v i t e l l o g e n ic  cycle o f  R. p r o l i x u s . A shows the 
s i t u a t i o n  immediately a f t e r  ovu la t ion  and C j u s t  p r i o r  to ovu­
la t i o n  w ith  in te rven ing  stage B completing the sequence. The 
terminal f i lam en t  (TF) and the tropharium (T) are ind ica ted .
(CH) ind ica tes  chorion fo rmation, (V) ind icates v i t e l l o g e n ic  
f o l l i c l e s  and (PV) ind ica tes  p re v i t e l l o g e n ic  f o l l i c l e s .
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FIGURE 28
The r e la t io n s h ip  between the diameters (measured a t  t h e i r  widest 
po in ts  and a t  r i g h t  angles to  the lon g i tu d in a l  ax is  o f  the ova r io le )  
and lengths o f  R. p ro l i x u s  f o l l i c l e s  in a large sample o f  ovar io les  
is  shown. The shoulder o f  the computed regression l in e s  (arrow) 
ind ica tes  a s i g n i f i c a n t  d i f fe re n ce .  This reveals the two growth 
phases 1-2 th a t  account f o r  most o f  the anisometr ic growth o f  
f o l l i c l e s .  The re la t io n s h ip  in length between f o l l i c l e s  1-4 is  
also compared. The blackened area denotes the range o f  lengths 
exh ib i ted  by f o l l i c l e s  1-4.
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FIGURE 29
Section through pa r t  o f  a R. p ro l ixus  f o l l i c l e  during ea r ly  pre­
v i t e l  logenic growth. The plane o f  the sect ion is  or iented per­
pendicular  to the surface and to the po la r  axis o f  the f o l l i c l e .  
C i rcum fe ren t ia l l y  or ien ted  f ib rous  elements are ev ident w i th in  
the tunica propr ia  on the side o f  the tun ica propr ia  nearest the 
f o l l i c l e  c e l l s  (arrow). Also shown are c i r c u m fe re n t ia l l y  or iented 
micro f i lament  bundles which are c lose ly  grouped near the f o l l i c l e  
c e l l  surface. X 58,300.
FIGURE 30
Section through pa r t  o f  an R. p ro l ixus  f o l l i c l e  during la te  pre­
v i t e l  logenesis. Section o r ie n ta t io n  as in Fig. 29. The t h i c k ­
ness o f  the tunica propr ia  is  reduced compared w ith  i t s  thickness 
during ea r ly  p rev i te l logenes is  (compare with  Fig. 29). Circum­
fe re n t i a l  l y  o r iented f ib re s  are ev ident.  The f ib re s  are grouped 
in to  bundles 25-30 nm in  diameter on the side o f  the tunica 
propr ia  nearest f o l l i c l e  c e l l s  (arrow). Part o f  the ovar io le  
sheath and i t s  external  lamina l i e  close to the tun ica propr ia .
X 58,700.
FIGURE 31
Section through par t  o f  a R. p ro l ixus  f o l l i c l e  during v i te l lo g en e s is  
The tun ica propr ia  i s  f u r th e r  reduced in  thickness compared w i th  i t s  
thickness during p re v i t e l l o g e n ic  growth. Fibrous elements occur 
w i th in  the tunica propr ia  as during p re v i t e l l o g e n ic  growth (arrow). 
The ova r io le  sheath l i e s  very close to the tun ica  propr ia  and con­
ta ins  muscular elements and microtubules. X 58,700.
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FIGURE 32
Section grazing through a f o l l i c l e  o f  R. p ro l ixu s  dur ing pre­
v i t e l  logenesis. C i r c u m fe re n t ia l l y  o r ien ted  f i b r e s  are grouped on 
the side o f  the tun ica nearest f o l l i c l e  c e l l s .  Some f ib re s  
occur ' s i n g l y '  (sho r t  arrow) whi le  others are grouped in to  bundles 
up to 30 nm in  diameter.  C i r c u m fe re n t ia l l y  arranged microtubules 
and mic ro f i laments  are c lus te red  d i r e c t l y  beneath the f o l l i c l e  
c e l l  sur face. X 82,900.
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FIGURE 33
Section grazing through p a r t  o f  a f o l l i c l e  o f  R. p ro l ixu s  during 
v i t e l l o g e n e s i s . Most o f  the f ib ro u s  elements o f  the tun ica 
propr ia  are arranged c i r c u m f e r e n t i a l l y  on the side o f  the tun ica 
nearest f o l l i c l e  c e l l s .  The f i b r e s  are grouped in to  bundles up 
to  30 nm in  diameter. Others are smal ler  measuring 12-14 nm in 
diameter.  X 90,100.
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FIGURE 34
Part o f  two ad jacent f o l l i c l e  c e l l s  o f  a R. p ro l i xu s  f o l l i c l e  
dur ing p re v i t e l l o g e n e s is .  Microtubules run p a r a l l e l  to  the long 
axes o f  c e l l s  (as ind ica ted  by the a r row )  a t  r i g h t  angles to the 
po la r  axis o f  the f o l l i c l e .  X 87,000.
FIGURE 35
Sect ion grazing through the ou ter  surface o f  two adjacent 
p ro l ixu s  f o l l i c l e  c e l l s  dur ing p re v i t e l l o g e n e s is .  A f i l o p o d ia l  
process from one c e l l  (FCl) extends i n to  a space between the c e l l s  
FC1 and FC2. M ic ro f i lam en t  bundles extend along the i n t e r i o r  o f  
the f i lopod ium. X 37,100.

FIGURE 36
Section through p a r t  o f  the basal surface o f  two adjacent R. 
p ro l ixus  f o l l i c l e  c e l l s  during p re v i te l lo g e n e s is .  The plasma 
membranes o f  ad jacent c e l l s  are connected by septate desmosomes, 
gap junc t ions  and zonulae adhaerentes jun c t io n s .  C i r cu m fe re n t ia l l y  
o r ien ted m ic ro f i lam en ts  are c lus te red  around the zonulae adhaerens 
ju n c t io n .  The plane o f  the sect ion is  or ien ted  perpendicu lar  to 
the outer surface o f  and p a ra l l e l  to the po la r  ax is o f  the f o l l i c l e .  
X 87,000.
FIGURE 37
Part o f  the basal surface o f  a R. p ro l ixu s  f o l 1i c l e  during e a r ly  
p re v i te l l o g e n e s is .  The sect ion is  o r ien ted  perpendicu lar  to  the 
outer  surface and to the po la r  axis o f  the f o l l i c l e .  Circum­
fe r e n t i a l  l y  o r ien ted  m ic ro f i lament  bundles extend across a f o l l i c l e  
c e l l  a t  the leve l  o f  zonulae adhaerentes. X 39,200.
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FIGURE 38
Section through par t  o f  the basal surface o f  a R. p ro l ixus  f o l l i c l e  
during la te  p re v i te l lo g e n e s is .  The sect ion was cut perpendicular  
to the outer surface and to the po la r  axis o f  the f o l l i c l e .  F o l l i c l e  
c e l l  boundaries are 'peaked' and the pos it ions  o f  m icrof i lament 
bundles th a t  extend from 'peak' to 'peak' are also shown (compare 
Fig. 37). X 12,000. Bar = 1 pm.

FIGURE 39
Section cut p a r a l l e l  to the ou ter  sur face and to the po la r  axis 
o f  a R. p ro l i x u s  f o l l i c l e  dur ing v i t e l l o g e n e s is .  The sect ion is  
a t  the leve l  o f  the f o l l i c l e  c e l l  n u c le i .  V i t e l lo g e n ic  channels
occur between f o l l i c l e  c e l l s .  X 8,700. Bar = 2 pm.

FIGURE 40
Part o f  the outer surface o f  a R. p ro l ixus  f o l l i c l e  during 
v i te l lo g e n e s is  showing a por t ion  o f  one o f  the v i t e l l o g e n ic  
channels. The sect ion o r ie n ta t io n  i s  perpendicular to the 
outer surface and the po lar  axis o f  the f o l l i c l e .  X 12,500 
Bar = 1 pm.
FIGURE 41
Part o f  the basal surface o f  a R. p ro l ixus  f o l l i c l e  during 
v i te l lo g e n e s is .  A por t ion  o f  one o f  the v i t e l l o g e n ic  channels 
is  shown where i t  approaches the oocyte surface. Section 
o r ie n ta t io n  as in Fig. 40. X 14,000. Bar 1 pm.
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FIGURE 42
Section grazing through p a r t  o f  a R. p ro l ixu s  f o l l i c l e  during 
v i te l l o g e n e s is  showing p a r t  o f  a v i t e l l o g e n i c  channel. Channels 
form a t  po in ts  where three f o l l i c l e  c e l l s  meet. Bundles o f  
mic rof i laments  f o l l o w  the margins o f  the channel along c e l l  mem­
branes a t  the sides o f  the f o l l i c l e  c e l l s .  Microtubules occur 
alongside channels. X 31,000.
FIGURE 43
Section grazing through a region o f  a R. p ro l i xu s  f o l l i c l e  during 
v i t e l l o g e n e s is .  A v i t e l l o g e n i c  channel separates two f o l l i c l e  
c e l l s .  M ic ro f i lam en t  bundles w i th in  the f o l l i c l e  c e l l s  run along­
side the channels. X 43,000.
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FIGURE 44
Section grazing through the oute r  surface o f  a R. p ro l ixus  f o l l i c l e  
during v i te l lo g e n e s is .  F i lopod ia l  p ro jec t ions from f o l l i c l e  ce l l  
outer  surfaces approach the tun ica propr ia  and extend in to  surface 
depressions in  adjacent c e l l s .  Bundles o f  microf i laments  extend 
along the i n t e r i o r s  o f  these p ro jec t ions .  C ircumferent ia l  l y  
arranged f ib rous  elements occur w i th in  the tunica propr ia .
X 37,100.
FIGURE 45
Section o f  a R. p ro l ixus  f o l l i c l e  showing the inner surfaces o f  
two adjacent f o l l i c l e  c e l l s .  A f i l o p o d ia l  p ro jec t ion  from the 
inner surface o f  one f o l l i c l e  c e l l  is  shown. Microf i lament 
bundles extend along the i n t e r i o r  o f  the p ro je c t io n .  X 43,000.
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FIGURE 46
Diagrammatic represen ta t ion  showing the c y to d i f f e r e n t i a t i o n  o f  
f o l l i c l e  c e l l s  dur ing f o l l i c l e  growth. A shows the cy toa rch i tec tu re  
o f  f o l l i c l e  c e l l s  dur ing e a r ly  p re v i t e l l o g e n e s is ,  B shows the 
s i t u a t i o n  dur ing l a te  p re v i t e l l o g e n e s is  and C the s i t u a t i o n  during 
v i te l l o g e n e s is .
R. PROLIXUS C Y T O D IF F E R E N T IA T IO N  DURING FOLLICLE GROWTH
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FIGURE 47
Section through the ova r io le  sheaths o f  a R. p ro l ixus  ova r io le .
The i r regu la r ly -shaped  sheath c e l l s  l i e  very close to the f o l l i c l e  
and i t s  tun ica p ropr ia .  Muscle elements can be seen w i th in  a 
myoepi the l ia l  sheath c e l l .  X 58,700.
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FIGURE 48
Shows the inner  surfaces o f  two adjacent f o l l i c l e  c e l l s  o f  R. 
pro!iXUS a t  t h e i r  j u n c t io n  w i th  the oocyte. The f o l l i c l e  ce l l  
membranes are very convoluted and i n t e r d i g i t a t e  w i th  adjacent 
c e l l s .  X 47,000.
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FIGURE 49
Section grazing through the ou ter  surface o f  a P. americana 
f o l l i c l e  ce l l  dur ing p o s t - v i t e l l o g e n e s is .  C ircumferent ia l  l y  
o r ien ted  microtubules occur d i r e c t l y  beneath the outer surface o f  
the f o l l i c l e  c e l l .  X 58,700.
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FIGURE 50
Part o f  the corpus luteum o f  P. americana showing tun ica  propr ia  
and pa r t  o f  the ou ter  surfaces o f  two f o l l i c l e  c e l l s .  The tunica 
propr ia  is  h ig h ly  fo lded and cons is ts  o f  an outer  granu lar  layer  
and an inner f ib ro u s  laye r .  C i r c u m fe re n t ia l l y  arranged bundles 
o f  m ic ro f i laments  and groups o f  micro tubules occur j u s t  beneath 
the outer  surfaces o f  the f o l l i c l e  c e l l s .  X 16,500.
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FIGURE 51
Section through p a r t  o f  the tun ica  p ropr ia  o f  a R. p ro l i xu s  corpus 
luteum. Fibrous elements o f  the inner  surface o f  the tun ica  are 
shown.
X 47,700.
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FIGURE 52
Section through p a r t  o f  a R. p ro l i xu s  corpus luteum. Secondary
fo ld ings  in  the tun ica  p ropr ia  are shown. X 4,300.
FIGURE 53
Section through p a r t  o f  the tun ica  p ropr ia  o f  a P. americana 
corpus luteum. Secondary fo ld in g s  in the tun ica  propr ia  are 
shown as w e l l  as the oute r  granular  and inner  f ib ro u s  layers o f  
the tu n ica .  X 12,700.
- , K % % 4 '-a
FIGURE 54
Section through par t  o f  the tun ica propr ia  o f  a cockroach corpus 
luteum showing degenerat ion o f  the granular  layer .  Some granules 
showing no signs o f  degenerat ion are also shown. X 29,700.
FIGURE 55
Myelin f igu res  w i th in  the cytoplasm o f  a P. americana corpus 
luteum f o l l i c l e  c e l l  are shown. X 21,000.
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FIGURE 56
Section through pa r t  o f  the f o l l i c u l a r  ep i the l ium o f  a R. p ro l ixus  
corpus luteum. The sect ion is  o r ien ted  perpend icu lar  to the long 
axis o f  the o v a r io le .  Many microtubules run p a r a l l e l  to  the 
long axis  o f  the f o l l i c l e  c e l l .  X 47,000.
FIGURE 57
Sect ion through p a r t  o f  the f o l l i c u l a r  ep i the l ium  o f  a i P .  
americana corpus luteum showing the many microtubules which run 
p a ra l l e l  to the long axis o f  each c e l l .  Sect ion o r ie n ta t i o n  as 
in Figure 56. X 41,300.
FIGURE 58
Part o f  the outer  surface o f  a f o l l i c l e  c e l l  o f  a P. americana 
corpus luteum. Many c i r c u m f e r e n t i a l l y  or ien ted  microtubules and 
microf i laments occur d i r e c t l y  beneath the outer surface o f  the 
f o l l i c l e  c e l l .  The sect ion i s  o r ien ted  p a ra l le l  to  the long axis
o f  the o v a r io le .  X 42,400.
FIGURE 59
Part o f  the ou ter  surface o f  a R. p ro l i xu s  corpus luteum showing 
tun ica propr ia  and the outer  surfaces of f o l l i c l e  c e l l s .  A
bundle o f  m ic ro f i laments  occurs d i r e c t l y  beneath the outer  su r ­
face o f  a f o l l i c l e  c e l l .  Fibrous elements are ev ident w i th in  
tun ica p ropr ia .  X 47,000.

FIGURE 60
A diagrammatic represen ta t ion  o f  f o l l i c l e  c e l l s  and.tunica propr ia  
showing t h e i r  o rgan isa t ion  dur ing p o s t - v i te l l o g e n e s is  ( p r i o r  to  
ovu la t ion )  and a f t e r  o vu la t ion  (corpus luteum fo rmation)  in  both 
P. americana and R. p r o l i x u s . A represents the s i t u a t i o n  p r i o r  
to  ovu la t ion  and B represents the s i t u a t i o n  a f t e r  o vu la t io n .
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FIGURE 61
An imaginai dise o f  C. erythrocephala f r e s h ly  iso la ted  in sa l ine .
At the s t a r t  o f  puparium formation the imaginai disc is  fo lded in 
t h i s  manner. The arrow ind ica tes  the region o f  the wing pouch. 
Tracheae supply the imaginai d isc w i th  oxygen. X 25.
FIGURE 62
Median long i tud ina l  sect ion through an imaginai disc during Stage 1. 
The sect ion is  stained w ith  methylene blue. Three main parts can 
be d is t ingu ished .  The proximal pa r t  o f  the wing d isc (Pr) consists 
o f  epidermis and promyoblasts and w i l l  form the dorsal thorax. The 
middle par t  consists o f  epidermis, w ith  promyoblasts only a t the 
proximal s ide, and w i l l  form the a r t i c u la t i n g  par t  o f  the wing. The 
d is t a l  pa r t  o f  the wing d isc (D) consis ts  on ly o f  epidermis and w i l l  
form the wing blade and the la t e r a l  imaginai thorax (Sprey, 1970).
The per ipod ia l  membrane and the wing blade epidermis are ind ica ted .  
The two epidermal layers o f  the d is t a l  por t ion  o f  the wing disc can 
be d is t ingu ished .  At the most d i s t a l  pa r t  o f  the d is ta l  p o r t ion ,  
the two epidermal layers are c lose ly  juxtaposed to form an epidermal 
b i l a y e r  which becomes the wing t i p .  More p rox ima l ly  the two 
epidermal layers approach one another but are not ye t  juxtaposed.
X 55.
FIGURE 63
Median long i tud ina l  sect ion through a methylene blue stained C^. 
erythrocephala wing imaginai d isc during a l a t e r  stage o f  Stage 1 
than Figure 62. The two epidermal layers o f  the d is t a l  por t ion  
o f  the wing imaginai disc are c lose ly  juxtaposed to form an e p i ­
dermal b i l a y e r  which cons t i tu tes  the wing blade. More prox imal ly  
the epidermal layers are not ye t  juxtaposed. This region w i l l  be­
come the a r t i c u la t i n g  par t  o f  the wing. Promyoblasts are also 
shown. X 55.
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FIGURE 64
Diagrammatic rep rese n ta t io n  o f  the ‘ é v a g in a t io n ’ o f  a t . 
e ry th rocepa la  wing d is c .  The arrows in d ic a te  d i re c t io n s  o f  
growth. A represents  the t h i r d  i n s t a r  re s t in g  per iod .  B 
represents the s i t u a t i o n  a t  puparium formation (0 hours) .  The 
wing d isc has become more fo lded  in  a c h a r a c t e r i s t i c  manner.
The wing pouch now formed from the fo rmation o f  a second cross 
r idge pro trudes in to  the p e r ip o d ia l  c a v i t y  in  a d i s t a l  d i r e c t i o n .
C represents a wing imaginai d isc  a t  about 4 - 6  hours a f t e r  
puparium fo rm a t ion .  The wing pouch pro trudes f u r t h e r  in t o  the 
pe r ip o d ia l  c a v i t y  and a b i l a y e r  i s  created a t  the most d i s t a l  
reg ion o f  the d is c .  D represents the f i n a l  growth during Stage 1 
where the epidermal layers  are juxtaposed to  form a b i l a y e r  which 
becomes the wing blade.
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FIGURE 65
Frontal  view o f  an imaginai  d ise  o f  C. ery th rocephala  f r e s h ly  
iso la ted  in s a l in e  6 hours a f t e r  puparium fo rm at ion .  The wing 
pouch i s  e v iden t .  Compare w i th  C o f  Figure 64. Note also the 
pe r ipod ia l  membrane.
X 25.
FIGURE 66
Fronta l  view o f  a wing imaginai  d isc  o f  C. ery throcephala f r e s h l y  
iso la te d  in  s a l in e  14 hours a f t e r  puparium fo rmat ion .  The wing 
pouch extends f u r t h e r  i n t o  the p e r ip o d ia l  c a v i t y  than e a r l i e r  on 
dur ing Stage 1 (F ig .  65) .  Compare D o f  Figure 64 which repre ­
sents the l a t e r a l  median view o f  a s i m i l a r  wing d is c .  X 25.
FIGURE 67
Late ra l  median se c t io n  through the wing pouch o f  a C. erythrocephala 
wing imaginai d isc  dur ing  Stage 1. The sec t ion  i s  stained w i th  
methylene b lue .  The wing t i p  has formed from the appos i t ion  o f  
the two e p i t h e l i a l  la y e rs .  Where the two e p i t h e l i a l  layers become 
juxtaposed a t  t h e i r  bases, the presumptive dorsal and ven tra l  layers 
o f  the wing blade are c reated beginning a t  the p u ta t i ve  wing t i p .
As the e p i t h e l i a l  laye rs  come to g e th e r ,  haemocytes become trapped 
between them. E p i t h e l i a l  c e l l s  are h ig h ly  vacuolar .  'B lebs '  o f  
cytoplasm occur a t  c e l l  ap ices. The p e r ip o d ia l  membrane c e l l s  
are squamous in  shape and a b u t t  aga ins t  the wing t i p  (arrow). X 230,

FIGURE 68
A C. erythrocephala wing imaginai d ise f r e s h ly  i so la ted  in  sa l ine  
showing how the developing wing blade has tw is ted on i t s  ax is so 
th a t  the wing blade now l i e s  in .a cephalo-eaudal d i r e c t io n  
( ind ica ted  by arrows) w i th  respect to the la rva l  body. X 25.
FIGURE 69
Basal view o f  a C. erythrocephala wing f r e s h l y  iso la ted  in sa l ine  
21 hours a f t e r  puparium fo rmat ion.  There is  no d is t in g u ish a b le  
pe r ipod ia l  membrane. X 25.
FIGURE 70
Transverse sect ion  through a Stage 2 C. erythrocephala wing
blade. The lacunae o f  the presumptive prepupal veins can be 
d is t ingu ished .  Dorsal and ven t ra l  e p i t h e l i a l  layers are j u x t a ­
posed a t  t h e i r  bases except over the vein lacunae. Haemocytes 
occur w i th in  vein lacunae. X 200.

FIGURE 71
Basal view o f  a C. erythrocephala wing f r e s h ly  i so la te d  in  sa l ine  
26 hours a f t e r  puparium formation (Stage 3). Note the increase 
in wing w id th  and e s p e c ia l l y  leng th  (See Fig. 69). The prepupal 
veins can be d is t in g u ish e d  (arrows) . X 25.
FIGURE 72
Basal view o f  a C. ery throcephala wing f r e s h l y  i so la te d  in  sa l ine  
38 hours a f t e r  puparium formation (Stage 4) .  The swol len spongy 
nature o f  the wing i s  apparent. X 25.

FIGURE 73
Ventral  view o f  a C. erythrocephala wing f re sh ly  iso la ted  in sa l ine  
52 hours a f t e r  puparium formation (Stage 5).  The wing l ie s  
w i th in  the pupal c u t i c l e .  X 25.
FIGURE 74
Dorsal view o f  a C. erythrocephala wing f re s h ly  i so la ted  in 
sa l ine  90 hours a f t e r  puparium formation (Stage 5).  The wing 
l i e s  w i th in  the pupal c u t i c l e .  The pupal veins are c le a r l y  
apparent and the o u t l in e  o f  the wing is  s l i g h t l y  sculptured.
X 25.
FIGURE 75
Lateral  view o f  a C. erythrocephala wing blade 5 days a f t e r  
puparium formation (Stage 7). The wing is fo lded in  a charac­
t e r i s t i c  manner w i th in  the pupal c u t i c le .  B r i s t l e s  are apparent 
(a r row ) . X 25,

FIGURE 76
Dorsal view o f  an a d u l t  C. ery throcephala  wing mounted in  euparol 
Note the la rge  s ize o f  the wing as compared w i th  the s ize o f  the 
wing pouch in Figure 61. Note a lso the tr ichomes and b r i s t l e s .
X 25.

FIGURE 77
Diagrammatic representat ions o f  wings and parts o f  wings des­
c r ib in g  the terminology used in t h i s  Chapter. Proximal (Pr) i n ­
d icates the por t ion  o f  wing blade nearest the la rva l  or pupal body 
w h i l s t  d is t a l  (D) ind ica tes th a t  por t ion  fu r th e s t  away from the 
la rva l  or pupal body. An te r io r  (A) ind ica te s th a t  par t  o f  the 
wing blade nearest the cephalic region o f  the animal w h i l s t  p o s te r io r  
(P) ind ica tes  th a t  side nearest the an imal 's  caudal region. 
Transverse or c ross-sect ion (T/S) ind ica tes a sect ion cut a t  r i g h t  
angles to the prox imo-d is ta l  wing ax is .  Longitudinal sect ion (L/S) 
ind ica tes  a sect ion cut p a ra l le l  to the prox imo-d is ta l  wing axis 
along the m id - l ine .  Margin (M) ind ica tes  the edges o f  the 
f la t te n e d  wing blade except the most d is ta l  edge which is  the wing 
t i p  (WT). Apex ind icates the cu t ic le -b e a r in g  surface o f  an e p i ­
dermal c e l l  whi le  base ind ica tes the side o f  an epidermal ce l l  
nearest the basement lamina and/or haemolymph. Thickness i n d i ­
cates the distance o f  an epidermal layer  from apex to base.
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FIGURE 78
Long i tud ina l  sec t ion  o f  the t i p  o f  a Stage 1 C. ery th rocephala  wing 
imaginai d isc  sta ined w i th  methylene blue and arranged in  a 
p s e u d o s t ra t i f i e d  la y e r .  In d iv id u a l  epidermal c e l l s  are sp ind le -  
shaped. The p o r t io n  o f  each c e l l  a t  the leve l  o f  the nucleus is  
the widest reg ion o f  the c e l l  (a r row).  Above and below the 
nucleus in  each c e l l  are long c e l l  extensions (double arrow). In 
c o n t ra s t ,  epidermal c e l l s  o f  the p e r ip o d ia l  membrane are squamous 
in  shape and are arranged in a s ing le  la y e r .  X 1,200.
FIGURE 79
Long i tud ina l  sec t ion  o f  the most d i s t a l  p a r t  o f  a C. erythrocephala 
wing imaginai d isc  s ta ined w i th  methylene b lue. Mitoses are f r e ­
quent but are conf ined to  the ap ica l  reg ion o f  the epidermal layers 
(ar rows) . Ce l ls  undergoing m i tos is  are 'rounded u p ' .  X 1,300.
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FIGURE 80
Long i tud ina l  sec t ion  through p a r t  o f  a Stage 1 C. erythrocephala 
wing imaginai d ise s ta ined w i th  methylene b lue. F i lop o d ia l  c e l l  
extensions p ro je c t  from c e l l  bases and i n t e r d i g i t a t e  w i th  ad­
jacen t  epidermal c e l l  f i l o p o d ia  or w i th  dorsal or ven t ra l  e p i ­
dermal la y e rs .  X 1,700.
FIGURE 81
Part o f  c e l l  extensions o f  a Stage 1 C. ery throcephala wing d isc .  
Microtubules are abundant w i t h in  c e l l  extensions and run p a ra l l e l  
to the long ax is  o f  each epidermal c e l l .  Note th a t  the m i to ­
chondrion i s  a lso o r ien ted  p a r a l l e l  to  the c e l l s '  long a x is .
X 54,000.
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FIGURE 82
A por t ion  o f  the apical  pa r t  o f  an ep id  ermal layer  o f  a 
C. erythrocephala wing disc during Stage 1. Adjacent c e l l s  
are jo ined by zonula adhaerens ju n c t io n s .  A p ro jec t ion  from 
one c e l l  extends in to  a surface depression in an adjacent c e l l .
Some microtubules extend in to  the p ro je c t io n .  A 'b leb '  o f  
cytoplasm occurs a t  the c e l l  apex. X 29,000.
FIGURE 83
Feulgen stained preparat ion o f  a Stage 1 C. erythrocephala wing 
imaginai d isc to show c e l l  p r o l i f e r a t i o n .  M i to t i c  c e l l s  are
'rounded up' and confined to ce l l  apices. Spindle axes are
predominantly or ien ted  p a ra l le l  to the prox imo-d is ta l  wing axis,  
X 1,300.
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FIGURE 84
Longi tud ina l  sect ion o f  par t  o f  the basal region o f  a Stage 1 
C. erythrocephala wing imaginai d isc epidermis in  a region 
where the two epidermal layers c lose ly  approach one another but 
are not ye t  juxtaposed. F i lopodia  extend from each ce l l  in to  
the basement lamina. F i lopodia  conta in microf i laments which 
extend along t h e i r  lengths. X 39,100.
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FIGURE 85
Longitudinal sect ion through a C. erythrocephal a wing imaginai 
dise during Stage 1. Haemocytes become trapped between the two 
epidermal layers as they approach one another to form the dorsal 
and ventra l  wing surfaces.  X 1,300.
FIGURE 86
Transverse sect ion through a C. erythrocephala wing blade during 
Stage 2. The two epidermal layers are basal ly  connected.
Ind iv idua l  epidermal c e l l s  are sp ind le  shaped with the nucleus 
c o n s t i t u t i n g  the widest pa r t  o f  each c e l l .  Cel ls are c lose ly  
packed at the apex o f  the epidermal layers whereas large i n t e r c e l l u l a r  
spaces occur a t the base o f  the epidermal layers . X 1,300.
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FIGURE 87
Transverse sect ion through a Stage 2 C. erythrocephala wing blade 
showing par t  o f  an epidermal c e l l  extension. Many microtubules 
run p a ra l le l  to the long axis o f  the c e l l .  X 54,000.
FIGURE 88
Transverse sect ion through a Stage 2 C. erythrocephala wing blade 
showing a por t ion  o f  the apical  par t  o f  an epidermal layer .
Zonula adhaerentes connect adjacent c e l l s .  Microfi laments and 
microtubules are c lose ly  associated w i th  these junc t ions .  
M i c r o v i l l i  occur along the apical surface. Each m ic ro v i l lu s  
contains microf i laments which extend along i t s  i n t e r i o r .
E p icu t ic le  deposi t ion has begun (arrow) and extends from one 
m ic ro v i l lu s  t i p  to  another. X 53,000.
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FIGURE 89
Transverse sec t ion  through a Stage 2 C. ery throcephala  wing blade 
showing p a r t  o f  the apical regions o f  two adjacent epidermal 
c e l l s .  M ic ro f i lamen ts  are c lo s e ly  associated w i th  a zonula 
adhaerens j u n c t io n  and appear to  extend r i g h t  around the p e r i ­
meters o f  the ap ica l  region o f  each c e l l .  Microtubules occur 
in  close asso c ia t io n  w i th  the zonula adhaerentes. Basal to the 
zonula adhaerens is  a gap ju n c t io n .  X 69,600.

FIGURE 90
Transverse sec t ion  through a Stage 2 C. erythrocephala wing blade 
showing the bases o f  dorsal and ven t ra l  epidermal layers .  
F i lopod ia  protrude from epidermal c e l l  bases and in terconnect 
w i th  f i l o p o d ia  from an opposing c e l l  or an adjacent c e l l  (arrows) 
Desmosomal plaques o f ten  connect dorsal and ven tra l  epidermal 
c e l l s .  X 12,000. Bar = 1 pim.

FIGURE 91
Transverse sect ion through f i l o p o d ia  a t  the base o f  epidermal 
c e l l s  o f  a Stage 2 C. erythrocephala wing blade. Many micro­
tubules occur w i th in  the f i l o p o d ia .  The tubules extend along 
the long axes o f  the f i l o p o d ia .  X 52,000.
FIGURE 92
Transverse sect ion o f  epidermal c e l l  bases o f  a Stage 2 C^. 
erythrocephala wing blade. Cel ls o f  dorsal and ventra l  epidermal 
layers are connected at in te r v a ls  by desmosomal plaques along 
t h e i r  basal surfaces. X 31,300.
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FIGURE 93
Transverse sect ion o f  pa r t  o f  a Stage 2 C. erythrocephala wing 
blade in a region d i r e c t l y  above a vein lacuna. Most nuclei  o f  
c e l l s  which are dorsal to the lacuna are concentrated in the basal 
h a l f  o f  c e l l s  so th a t  c e l l  extensions apical  to the nucleus are 
longer than those basal to i t .  Cel ls undergoing m i tos is  are 
'rounded up' and are a p ic a l l y  s i tua ted  in  the epidermis (arrow).
X 1,400.
FIGURE 94
Transverse sect ion through the vein lacuna region o f  a Stage 2 
C. erythrocephala wing blade. Haemocytes occur w i th in  the 
lacuna. Most o f  the basal c e l l  extensions o f  epidermal c e l l s  
o f  dorsal and ventra l  wing epidermal layers i n t e r d i g i t a t e  with  
adjacent c e l l s .  Some basal c e l l  extensions extend around the lacuna 
(a r row ) . X 1,000.
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FIGURE 95
Transverse sec t ion  through the margin o f  a Stage 2 C^. 
e ry throcephala  wing blade. Epidermal c e l l s  are wide a t  t h e i r  
apices and narrow a t  t h e i r  bases. X 1,000.
FIGURE 96
Long i tud ina l  sec t ion  through a Stage 1 C. ery throcephala wing 
blade showing p a r t  o f  the wing margin epidermal layers .  Cell 
apices o f  ad jacent  c e l l s  i n t e r d i g i t a t e  and are jo ined  by sep­
ta te  desmosomes. X 36,000.
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FIGURE 97
Transverse sect ion o f  a Stage 3 C. erythrocephala wing blade.
The wing blade is  d o rso -ve n t ra l ly  f l a t te n e d .  Epidermal c e l l s  
o f  dorsal and ventra l  epidermal layers are juxtaposed a t  t h e i r  
bases, and adjacent c e l l s  are not pseudos t ra t i f ied .  The outer  
or apical  surfaces o f  epidermal c e l l s  are convex except a t  wing 
margins. The prepupal veins are apparent, X 100.
FIGURE 98
Transverse sect ion through par t  o f  a Stage 3 C. erythrocephala 
wing blade. Cel ls o f  dorsal and ventra l  epidermal layers are 
juxtaposed a t  t h e i r  bases. The nuclei  o f  dorsal or ventra l  
epidermal c e l l s  are a l l  arranged in a s ing le  layer .  The apex o f  
each c e l l  is  convex (arrow). A haemocyte is  located between 
adjacent c e l l s  o f  one epidermal layer .  X 1,000.
FIGURE 99
Transverse sect ion through the wing margin o f  a Stage 3 C^. 
erythrocephala wing blade. The apices o f  c e l l s  a t  the wing 
margin are smooth and f l a t  whereas those adjacent to the margin 
are convex. X 1,000.
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FIGURE 100
Scanning e le c t ro n  micrograph o f  the surface o f  a Stage 3 £ .  
erythrocephala wing blade. The c e l l  surfaces are convex and 
r idged and each c e l l  i s  u su a l ly  more elongate in a d i r e c t io n  
p a ra l le l  to the p ro x im o -d is ta l  wing ax is .  X 4,000. Bar = 5 pm
FIGURE 101
Longi tud ina l  sec t ion  through the apex o f  an epidermal c e l l  o f  
a Stage 3 C. ery th rocepha la  wing blade. The outer surface o f  
the c e l l  is  convex and r idged .  Many microtubules are s i tua ted  
w i th in  the ap ica l  p a r t  o f  the c e l l .  Most microtubules are 
or iented perpend icu la r  to the p rox im o-d is ta l  wing ax is .
Cut ic le  deposi t ion i s  shown. X 47,000.
FIGURE 102
Transverse sec t ion  through the prepupal vein area of a Stage 3 
C. ery throcephala wing blade showing the arrangement o f  epidermal 
c e l l s  dorsal and ve n t ra l  to  a prepupal ve in .  Basal c e l l  ex­
tensions from epidermal c e l l s  extend around the ve in . X 1,000.
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FIGURE 103
Transverse sect ion through f i l o p o d ia  at the bases o f  epidermal 
c e l l s  shown in Figure 102. Many microtubules extend along the 
long axes o f  the f i l o p o d ia .  X 50,900.
FIGURE 104
Transverse sect ion o f  a Stage 3 C. erythrocephala wing blade 
showing the bases o f  dorsal and ventra l  epidermal layers which 
are interconnected by means o f  desmosomal plaques. X 47,000.
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FIGURE 105
Feulgen sta ined preparat ion o f  p a r t  o f  a C. erythrocephala Stage
2 wing blade showing nuclear size and packing. X 1,400.
FIGURE 106
Feulgen sta ined preparat ion o f  pa r t  o f  a C. erythrocephala Stage
3 wing blade showing the increased nuclear s ize .  X 1,400.
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FIGURE 107
Transverse sect ion o f  a methylene blue stained Stage 4 C^. 
erythrocephala wing blade. Cell bodies l i e  d i r e c t l y  beneath 
the pupal c u t i c l e .  Cell bodies o f  dorsal and ventra l  epidermal 
layers are separated from one another. At the wing margin, a 
c e l l  extension p ro jec ts  from each c e l l  body. These c e l l  extensions 
appear to connect midway across the wing blade. X 180.
FIGURE 108
Lateral  view o f  pa r t  o f  an unf ixed Stage 4 C. erythrocephala wing 
blade f re s h ly  iso la te d  in  sa l ine .  Cell bodies are arranged 
d i r e c t l y  beneath the pupal c u t i c l e .  Below each c e l l  body a long 
cytoplasmic extension p ro jec ts  in to  the wing i n t e r i o r .  Adjacent 
c e l l  extensions l i e  p a ra l le l  to one another and are connected to 
one another a t  various po ints by f i l o p o d ia ,  X 1,200.

FIGURE 109
Methylene blue stained transverse sect ion o f  par t  o f  a wing 
margin o f  a Stage 4 C. erythrocephala wing blade. Cell bodies 
o f  both dorsal and ventra l  epidermal layers are arranged in -, 
s ing le  layers beneath the shed pupal c u t i c le .  Cell extensions 
p ro je c t  from c e l l  bodies in to  the i n t e r i o r  o f the wing blade and 
connect midway. F i lopodia  connect adjacent ce l l  extensions at 
var ious points  along t h e i r  lengths. X 1,400.
FIGURE 110
Methylene blue stained transverse sect ion o f  par t  o f  a Stage 4 
C. erythrocephala wing blade in  a region o f  maximum swel l ing .
Some ce l l  extensions below c e l l  bodies appear to connect to 
haemocytes. A f i lopod ium connects one c e l l  extension to another. 
The pupal c u t i c le  is  attached to the apical surfaces o f  epidermal 
c e l l s .  X I  ,400.
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FIGURE 111a
Transverse sect ion through par t  o f  a Stage 5 C. erythrocephala 
wing blade. Epidermal c e l l s  in  i n te rv e in  regions are columnar 
in shape except over veins (Fig. 117) and a t  wing margins (Fig. 119) 
Nuclei a l l  occur a t  one level w i th in  dorsal and ventra l  epidermal 
layers . T r i chômes are apparent a t  ce l l  apices, and b r i s t l e s  a t  the 
wing margin. The e n t i r e  wing blade l i e s  w i th in  the pupal c u t i c le .  
The wing blade has a spongy appearance. X 200.
FIGURE 111b
Transverse sect ion through pa r t  o f  the in te rve in  region o f  a 
Stage 5 C. erythrocephala wing blade. Dorsal and ventra l  e p i ­
dermal c e l l s  are columnar in shape. Dorsal and ventra l  epidermal 
layers are connected at epidermal c e l l  bases. A l l  nuclei  are 
at one leve l w i th in  each epidermal layer .  Trichomes p ro je c t  from 
cel 1 apices. X 1 ,400,
Te
t u
m
Te
FIGURE 112
Feulgen s ta ined  prepara t ion  of a Stage 5 C. ery throcephala  wing 
blade showing the nuclear arrangement in an i n te r v e in  reg ion .  
Nuclei  are arranged in  p a ra l le l  rows. X 1,400.
FIGURE 113
Transverse se c t io n  o f  pa r t  o f  the apices o f  two ad jacent Stage 5 
C. e ry th rocepha la  wing blade epidermal c e l l s .  Adjacent c e l l s  
are anchored a t  t h e i r  apices by maculae adhaerentes. X 64,700.
FIGURE 114
Transverse se c t io n  o f  two in te rconnec t ing  dorsal and ven t ra l  
Stage 5 C. ery th rocepha la  wing blade epidermal c e l l s .  The 
epidermal c e l l s  are connected at t h e i r  f l a t t e n e d  bases by a 
zonulae adhaerens j u n c t io n .  X 47,000.
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FIGURE 115
Transverse sect ion through a por t ion  o f  the basal par t  o f  the 
epidermal layers o f  a Stage 5 C. erythrocephala wing blade. A 
pocket o f  haemolymph (Roc) p ro jec ts  between two adjacent c e l l s .  
Dorsal and ventra l  wing epidermal layers are connected by zonulae 
adhaerentes ju n c t io n s .  X 24,700.
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FIGURE 116
Methylene blue sta ined transverse sec t ion  o f  p a r t  o f  a Stage 5 
C. ery throcephala  wing blade. A haemocyte is  apparent between 
epidermal c e l l s  (arrow). A pupal vein can be d is t in g u ish e d .  
Haemocytes, tracheae and tracheoles occur w i t h in  the ve in .
X 1,200.
FIGURE 117
Transverse sec t ion  o f  a methylene blue s ta ined Stage 5 C^. 
e ry th rocephala  wing blade showing a pupal ve in .  Epidermal 
c e l l s  dorsal and ven tra l  to  the vein have long c e l l  extensions 
basal to  the nucleus. These c e l l  extensions extend around the 
ve in .  Haemocytes occur w i t h in  the ve in .  X 1,200.
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FIGURE 118
Transverse sec t ion  through c e l l  extensions of Stage 5 
eryth rocepha la  wing blade epidermal c e l l s  in a vein region where 
adjacent c e l l  bases are connected. Microtubules run along the 
lengths o f  the f i l o p o d i a .  X 38,800.
FIGURE 119
Transverse se c t io n  o f  the p o s te r io r  wing margin o f  a Stage 5 £. 
ery th rocephala  wing blade. Cel ls  o f  the p o s te r io r  wing margin 
are arranged in  a p s e u d o s t ra t i f ie d  e p i t h e l i a l  l a ye r .  Trichomes 
and b r i s t l e s  are apparent as are the tr ichogen and tormogen c e l l s  
associated w i th  b r i s t l e  development. These c e l l s  have la rg e r  
nuc le i  than the surrounding c e l l s .  The sensory nerve can also be 
d is t in g u ish e d  (a r row) .  Epidermal c e l l s  surrounding the b r i s t l e -  
associated c e l l s  are narrow and have c e l l  extensions which run 
around the b r i s t l e - a s s o c ia te d  c e l l s  in  order to  mainta in  a 
connect ion w i th  dorsal or  ven t ra l  epidermal la ye r .  The wing 
blade is  enclosed w i t h i n  i t s  pupal c u t i c l e .  X 1,200.

FIGURE 120
Dorsal view o f  an unf ixed C. erythrocephala wing blade mounted 
in  euparol showing the arrangement and spacing o f  tr ichomes and 
b r i s t l e s .  X 600.
FIGURE 121
Feulgen stained preparat ion showing par t  o f  a C. erythrocephala 
wing blade. Nuclei o f  t r ichome-bearing epidermal c e l l s  are shown. 
Nuclei are packed c loser  together over veins as compared with  i n t e r ­
vein regions. X 1,300.
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FIGURE 122
Long i tud ina l  sec t ion  through a tr ichome of a C. erythrocephala 
wing blade. The tr ichome grows out from a s ing le  epidermal 
c e l l .  M ic ro f i laments  and microtubules occur a t  the base o f  the 
tr ichome and extend in to  the tr ichome around the border and at 
the t i p  o f  the tr ichome. X 38,300.
FIGURE 123
Feulgen sta ined p repara t ion  o f  pa r t  o f  a C. ery throcephala  wing 
blade showing the nuclear arrangement o f  t r ichome and b r i s t l e -  
associated c e l l s .  Nuclei  o f  t r ichogen  and tormogen c e l l s  (arrows) 
are la rg e r  than nuc le i  o f  t r ichome-bear ing epidermal c e l l s  
(double ar row).  X 1,400.
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FIGURE 124
Transverse sec t ion  through a b r i s t l e  o f  a ' C. ery throcephala 
wing blade a n te r io r  margin. Microtubules are abundant w i t h in  
the b r i s t l e  sh a f t  whereas other organel les are sparce. Micro­
f i laments  are grouped in to  bundles o f  a c h a ra c te r i s t i c  size  and 
shape and are evenly spaced around the b r i s t l e  sh a f t  margin.
X 45,000.
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FIGURE 125
Transverse sect ion through a C. erythrocephala a n te r io r  wing margin 
b r i s t l e .  Ridges o f  c u t i c le  surround the b r i s t l e  sha f t .  Micro­
tubules abound w i th in  the b r i s t l e  sha f t  but microf i laments are 
absent. X 51,000.
FIGURE 126
Part o f  the a n te r io r  wing margin o f  C. erythrocephala mounted in 
euparol showing a concentrated array o f  b r i s t l e s  which e x h ib i t  
c u t i c u la r  r idges when examined e lec t ron  m ic roscop ica l ly  (Fig. 125). 
X 1 ,000.
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FIGURE 127
Transverse sect ion o f  pa r t  o f  the in te rve in  region o f  a Stage 7 
C. erythrocephala wing blade. Epidermal ce l l  bodies are squamous 
in shape. Cell extensions p ro je c t  from ce l l  bodies in to  the 
wing i n t e r i o r  and extend in to  a complicated ser ies o f  f i l o p o d ia l  
processes. X 1,400.
FIGURE 128
Transverse sect ion through a Stage 7 C. erythrocephala wing blade 
showing part  o f  the apices o f  two adjacent c e l l s .  The c e l l s  are 
a p ic a l l y  connected by a zonulae adhaerens ju n c t io n .  Microtubules 
are apparent beneath the c e l l s '  outer surface. The extent o f
adu l t  c u t i c le  deposi t ion is  shown. X 58,000.
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FIGURE 129
Longi tud ina l  sec t ion  o f  two a d jo in ing  c e l l  extensions which p ro je c t  
from the bases o f  c e l l  bodies o f  a Stage 7 C. erythrocephala wing 
blade. Numerous microtubules extend along the i n t e r i o r  o f  the 
c e l l  extension. One c e l l  extension is  connected to a c e l l  process 
o f  an adjacent c e l l  extension by means o f  a th ree- layered  i n t e r ­
c e l l u l a r  cementing mater ia l  (arrows). X 50,000.
FIGURE 130
Longi tud ina l  sect ion  o f  two s t ru c tu re s  (arrows) which connect ads, 
jacen t  cel 1 processes s im i l a r  to  those shown in  Figure 129. The 
th r e e - l | y e re d  nature o f  the i n t e r c e l l u l a r  cemenfing mater ia l  is  
shown. 'X 68,000.
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FIGURE 131
Transverse sect ion o f  the a n te r io r  margin o f  a Stage 7 C^. 
erythrocephala wing blade. Due to the large nature o f  the 
b r is t le -a sso c ia te d  tr ichogen and tormogen c e l l s  the other epi 
dermal c e l l s  o f  the wing margin are stacked. T r i chômes and 
b r i s t l e s  can also be d is t ingu ished .  X 1,400.
FIGURE 132
Transverse sect ion through the p o s te r io r  margin o f  a Stage 7 C^, 
erythrocephala wing blade. Epidermal c e l l s  o f  the p o s te r io r  
wing margin are stacked,whereas more a n t e r io r l y  the epidermal 
c e l l s  are arranged in s ing le  layers . No b r i s t l e s  are borne 
on the pos te r io r  wing margin. Only trichomes occur.
X 1,400.
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FIGURE 133
Transverse sect ion through par t  of  a Stage 7 C. erythrocephal a 
wing blade. A vein conta in ing haemocytes is  shown. Epidermal 
c e l l s  dorsal and ventra l  to the vein are narrower than the ad­
jacen t  in te rv e in  c e l l s  and do not have basal ce l l  extensions, 
except at vein margins. Instead, adjacent c e l l s  are attached 
a t  t h e i r  bases by i n t e r d i g i t a t i n g  f i l o p o d ia .  X 1,800.
FIGURE 134
Transverse sect ion through a Stage 7 C. erythrocephala wing blade 
showing the apical surface o f  an in te rv e in  epidermal c e l l .  
Microtubules are abundant j u s t  beneath the ou ter  surface o f  the 
c e l l .  Adult  c u t i c l e  deposi t ion is shown. X 65,700.
f,
FIGURE 135
Longitudinal sect ion through a P. t e t r a u r e l i a  metaphase micro- 
nucleus showing the d i s t r i b u t i o n  o f  chromatin and microtubules.  
Most microtubules run p a ra l le l  to  the long i tud ina l  axis o f  the 
micronucleus (arrow) although others are or iented a t  r i g h t  angles 
to t h i s  ax is .  The nuclear envelope is  i n ta c t .  X 29,800.
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FIGURE 136
Longi tud ina l  sect ion  o f  pa r t  o f  a P. t e t r a u r e l i a  metaphase micro- 
nucleus showing the close assoc ia t ion  o f  microtubules w i th  
chromatin. Microtubules appear to  be attached to the chromatin 
a t  var ious instances (arrows) . Note th a t  the in t ra n u c le a r  micro­
tubules have the same size (24 nm) diameter as the cytoplasmic 
microtubules (double arrow). X 76,900.

FIGURE 137
Section grazing through a pole o f  a P. t e t r a u r e l i a  micronucleus. 
Microtubules te rminate  a t  the pole amongst f i n e l y  f ib ro u s  
m a te r ia l .  X 76,900.
FIGURE 138
Longi tud ina l  sect ion through pa r t  o f  a P. t e t r a u r e l i a  micro­
nucleus. Many micro tubules are c lo s e ly  associated w ith  
chromatin. Many microtubules te rminate  a t  the nuclear envelope 
(arrows). X 76,900.
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FIGURE 139
Cross-section through the mid-region o f  an ear ly  P. t e t r a u r e l i a  
micronuclear separation sp ind le. Spindle tubules are abundant 
w i th in  the micronucleus. Some microtubules form a complete row 
d i r e c t l y  beneath the nuclear envelope. These tubules have a 
s l i g h t l y  greater  diameter (24 - 26 nm) than the more c e n t r a l l y  
posit ioned microtubules (19 -  24 nm). Compare these peripheral 
microtubules w ith  the 24-diameter cytoplasmic microtubule (arrow). 
Note the short  br idges between tubules and between tubules and the 
nuclear envelope (double arrows). The nuclear matr ix  is  f i n e l y  
f ib rous  in appearance. X 76,900.
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FIGURE 140
oblicyue
^cross-sect ion  through a region near the terminal knob o f  an ea r ly  
P. t e t r a u r e l i a  micronuclear separation sp ind le . The diameter o f  
the micronucleus is  smal ler than the mid-region diameter (compare 
with Figure 139). The nuclear envelope is  i n t a c t .  X 76,900.
FIGURE 141
Section grazing through the po la r  region o f  an ea r ly  P. t e t r a u r e l i a  
micronucleus. M ic ro f i la m e n t - l i k e  f i b r i l s  are conspicuous w i th in  
the nucleoplasm. X 56,000.

FIGURE 142
Section through the po la r  reg ion o f  an e a r ly  P. t e t r a u r e l i a  micro­
nuclear  separa t ion  sp ind le .  The diameter o f  the separat ion 
sp ind le  as i t  meets the ch romat in -con ta in ing  terminal knob 
is  even sma l le r  than in Figure 140. Microtubules extend in to  
the ch romat in -con ta in ing  region and are c lo s e ly  associated w ith  
chromatin (a r row) .  More conspicuous are m ic ro f i l a m e n t - l i k e  
f i b r i l s  which abound amongst the chromatin . X 76,900.

FIGURE 143
Changes in the number o f  microtubules per cross-sect ion at 5 pm 
in te rv a ls  along the lengths o f  two P. t e t r a u r e l i a  la te  separation 
spindles from the same organism. Each po in t  on the graph repre­
sents a value taken from a s ing le  micronucleus. In each micro­
nucleus represented, the number o f  microtubules per c ross-sect ion 
is  greatest in the separat ion sp ind le  mid-region and leas t  nearest 
the poles. There is  no sharp decrease in microtubule number. 
Instead there is  a gradual decrease in microtubule number from 
the spind le mid-region towards the terminal knobs. The number 
o f  microtubules per c ross-sect ion a t  equiva lent points along the 
lengths o f  the two d i f f e r e n t  spindles is  s im i la r .
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FIGURE 144
Cross-section through the mid-region o f  two P. t e t r a u r e l i a  
la te  separat ion sp indles. Most o f  the spindle tubules have 
diameters in the range o f  28 - 31 nm. Compare microtubule and 
micronuclear size w ith  Figure 139. The nuclear envelope is  
i n t a c t .  X 76,900.
FIGURE 145
Enlarged cross-sect ion  o f  the mid-region o f  a P. t e t r a u r e l i a  
micronuclear separation sp ind le. . Nearly a l l  o f  the microtubules 
have diameters o f  about 31 nm. Some microtubules form a complete 
row d i r e c t l y  beneath the nuclear envelope. Short br idges l i n k  
adjacent microtubules (arrow) and also l i n k  microtubules to the 
nuclear  envelope (double arrow). The nucleoplasm is  f i n e l y  
f i b rous  in appearance. X 159,500.
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FIGURE 146
Cross-section through two P. t e t r a u r e l i a  la te  separation spindles 
nearer the terminal knobs than in Figure 144. Compare the smal ler 
micronuclear diameters and the smal ler  numbers o f  microtubules.
Most o f  the microtubules are about 31 nm in diameter. Note the
size reduct ion or absence o f  f i b r i l l a r  matr ix  patches. X 76,900.
FIGURE 147
Cross-section through a P. t e t r a u r e l i a  la te  separat ion spind le 
cut very close , ( less than 5 pm)^a terminal knob o f  the 
micronucleus. The micronuclear diameter is  smal lest in t h i s  
region (compare w ith  Figures 145 & 146). Microtubules are 
c lose ly  packed and are predominantly 24 nm in diameter.
X 76,900.
FIGURE 148
r e ^ io r tPart o f  the chromat in -conta in ing^of a P. t e t r a u r e l i a  separat ion
spindle which shows the presence o f  a 24 nm microtubule and
microf i lamentous strands (arrows) amongst the chromatin. X 119,000
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FIGURE 149
Cross-section through the mid-region o f  a la te  P. pr imaure l ia  
micronuclear separat ion sp ind le. Nearly a l l  o f  the microtubules 
have diameters o f  about 31 nm. Some microtubules appear to form a 
complete row d i r e c t l y  beneath the nuclear envelope. Short bridges 
l i n k  adjacent microtubules (arrow) and br idges also l i n k  some 
microtubules to the nuclear envelope (double arrow). X 76,900.
FIGURE 150
Cross-section through a la te  P. pr imaure l ia  separation spindle cut 
less than 5 pm from the terminal knob region o f  the micronucleus.
The micronuclear diameter is  smal ler than the mid-region micronuclear 
diameter and 24 nm microtubules predominate. Short br idges l i n k  
adjacent tubules (arrow). X 76,900.
FIGURE 151
Section through pa r t  o f  the chromat in-conta in ing terminal knob 
region o f  a P. p r imaure l ia  micronucleus showing fhe presence o f  
24 nm microtubules and m i c r o f i b r i l s  (arrows) w i th in  the nucleoplasm, 
X 119,000.

FIGURE 152
Cross-section through the mid-region o f  a co ld - t rea ted  P. 
pr imaure l ia  la te  separat ion sp ind le . The in t ranuc lear  matr ix  is 
densely stained and is  c lus tered around the spindle microtubules,  
except in ce r ta in  areas where there are e lect ron lucent 'spaces' .  
Microtubules are predominant ly about 31 nm in diameter. The 
nuclear envelope is  i n t a c t .  X76,900.
FIGURE 153
Cross-sect ion through a region o f  a co ld - t rea ted  P. pr imaure l ia  
separation spindle cut between the mid-region o f
the separat ion sp indle  and the terminal knob region o f  the 
micronucleus. Compared with  Figure 152, the micronuclear 
diameter is  smal le r ,  the number o f  microtubules is  smal ler and 
the microtubules are predominant ly about 24 nm in diameter.
X 76,900.
m
FIGURE 154
Section through the end o f  a la te  separation spindle and the 
chromatin-conta in ing terminal  knob region o f  a co ld - t rea ted  
P. p r im a u re l ia . Spindle microtubules are near ly  a l l  o f  the 24 
nm v a r ie t y  ( i n s e t ) .  Some tubules can be observed in associat ion 
w ith  the chromatin (arrow). X 76,900.

FIGURE 155
Cross-section through par t  o f  the mid-region o f  a co ld - t rea ted  
P. p r imaure l ia  la te  separation sp ind le .  The in t ranuc lea r  matr ix  
is densely stained which renders the cores of the microtubules 
p a r t i c u l a r l y  d i s t i n c t , h i g h l i g h t i n g  microtubule diameters.
Compare with  Figure 156,the contro l  (untreated) sp ind le .
X 159,500.
FIGURE 156
Cross-sect ion o f  an untreated P. p r imaure l ia  separation spind le 
cut in the mid-region. Note the appearance o f  the in t ranuc lea r  
m a tr ix ,  microtubule diameters and the presence o f  cross-br idges 
between tubules (arrows). X 159,500.

FIGURE 157
Cross-section through the mid-region o f  a P. pr imaure l ia  separat ion 
spindle during f i n a l  stages o f  spindle e longat ion .  Compare the 
micronuclear diameter w ith  th a t  o f  a less elongate ( e a r l i e r )  
separat ion spind le (F ig . 149). There appears to be a complete 
row o f  tubules beneath the nuclear envelope. Microtubules are 
predominantly 31 nm in diameter and cross-br idges are apparent 
between tubules (arrow). X 75,900.
FIGURE 158
Cross-sect ion through a P. pr imaure l ia  separat ion spindle 
during f i n a l  stages o f  spindle e longat ion a t  a po in t  nearer the 
terminal knob o f  the micronucleus than Fig. 157. The micro- 
nuclear diameter is  smal ler than the mid-region diameter and 
there are fewer microtubules.  Microtubules are predominantly 
31 nm in diameter.  X 76,900.
FIGURE 159
Cross-section through a P. pr imaure l ia  separat ion spind le during 
f i n a l  stages o f  sp ind le elongat ion a t  a po in t  close to a terminal  
knob. Microtubules are predominantly about 31 nm in diameter 
and are o ften l inked by short  bridges (arrows). X 76,900.
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FIGURE 160
Part o f  an ammonium molybdate s ta ined c r y s t a l l i n e  catalase 
c rys ta l  showing the l a t t i c e  spacings. Only l a t t i c e  spacings 
w i th  a centra l  e lec t ron  lucen t  l i n e  may be counted and measured 
Those w ithout  t h i s  l i n e  ind ica te  obliqueness and would a l t e r  
measurements cons iderab ly .  X 195,800.
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